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fijfiiotzo', 2o/3 
Het feit dat veel onderzoekers werken met synthetische media als model voor 
oppervlaktewater, wil niet zeggen dat zij afgeschrikt worden door de eventuele 
complexiteit van het oppervlaktewater, maar dat zij liever hun systeem eerst 
doorgronden dan dat zij werken met een 'black box'. 
(als reactie op L. Giusti et al. Atmospheric Environment, (1993) vol 27a, nr 10, 
1567) 
2. Een in de praktijk gevonden helling hoger dan 1 in een Henderson Hasselbalch grafiek 
duidt op polyfunctionaliteit van de getitreerde groepen, die zich echter moeilijk laat 
scheiden in een electrostatisch deel en een chemisch deel. 
(dit proefschrift) 
3. In de eindfase voor voltammetrische titratiecurven van labiele complexen is de 
faradaystroom niet afhankelijk van de gemiddelde diffusieconstante (D), maar van de 
diffusieconstanten van metaalion en complex afzonderlijk, 
(dit proefschrift) 
4. Een stabiel of inert metaalcomplex wordt vaak ten onrechte als non-labiel aangeduid, 
(maar niet in dit proefschrift!) 
5. Uit het feit dat de media de evolutietheorie vaak weergeven als: "mens stamt af van aap" 
of "volgens Darwin moet het leven bestaansnut hebben", blijkt onbegrip van deze 
theorie. 
6. Bevel tot altruïsme is ultiem egoïsme. 
7. Een dynamische èn stabiele persoonlijkheid is geen contradictie. 
8. De veelgehoorde kreet dat jongeren van nu tot hun 67e of 70e levensjaar zouden moeten 
blijven werken om de vergrijzingsgolf te kunnen betalen, is onverenigbaar met het feit 
dat ze nu nauwelijks ingang vinden op de arbeidsmarkt. 
9. De term "reflecteren", veelvuldig gebruikt in sollicitatie-advertenties, suggereert ten 
onrechte een passief proces en kan daarom beter vervangen worden door "reageren" 
10. De slogan 'Genieten moet mogen', zoals bedoeld door het "voorlichtingsbureau" 
sigaretten en shag, gaat voorbij aan het (gezonde) genot dat mensen beleven aan een 
schone en frisse leef- en werkomgeving. 
11. "Airmiles": luchtfietserij. 
12. Een term die de lading "vegetarisch" beter dekt, is "carnofoob". 
13. Langzaam verkeer krijgt niet de voorrang die het verdient. 
14. Een promotieplechtigheid laat zich goed vergelijken met een inwijdingsritueel. 
1 5. De bewering door vele consumenten "van reclame(spotjes) te walgen", laat zich 
moeilijk verenigen met het feit dat de bewuste produkten massaal gekocht worden. 
16. Horizontale oppervlakken trekken troep aan. 
Stellingen 
behorend bij het proefschrift 
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Chapter I 
General Introduction 
Source of heavy metals 
Heavy metals naturally occur in the environment, as a result of a variety of causes, 
including volcanic emissions. Other, main sources are of antropogenic origin, such as 
mining operations, waste incineration, combustion of coal and oil, the use of sludge-based 
fertilizers and phosphate fertilizers. These sources discharge heavy metals into the 
atmosphere, marine systems, lakes, rivers and the soil. The occurrence in the 
environment of cadmium, zinc, lead and copper, together with the use of these metals since 
antiquity, has always been a source of exposure to heavy metals even before their 
discovery [1 ] . Cadmium was discovered in 1817 [2] . 
Antropogenic and marine sources contain higher fractions of soluble heavy-metal species 
than crustal sources. A certain metal ion can associate with a protein, a humic or another 
organic substance, or an anion or water. All these metal-complexing agents have their own 
sizes and their own affinities and give rise to a wide variety of metal species. Speciation 
describes the range of physico-chemical forms of an element which together make up its 
total concentration in a sample [3] . Metal ions associated with water molecules are called 
free metal. The distinction between metal ions of the same element but with different 
oxidation states is usually denoted as redox speciation, a subject which will not recur in 
the present thesis. 
Destiny 
Emitted into the atmosphere, heavy metals mainly deposit in the environment by wet and 
dry processes [4 ] . Usually, deposition takes place relatively close to the pollution 
sources. Important factors controlling metal speciation are the nature {i.e. source) of the 
particles and the pH in cloud droplets during atmospheric transport. When deposited on 
land, heavy metals may bind to soil particles or molecules of organic and inorganic origin. 
If they deposit on (natural or artificial) waters, they may be readily available for living 
organisms [5] . In fresh waters, more than 95% of heavy metal transport from land to sea 
occurs in the form of particulate matter [6] . In natural organisms, the speciation is often 
related to adsorption/desorption rather than to thermodynamic solubility. 
Effect 
The term "heavy metals" is commonly connected with toxicity. Their strong tendency to 
form complexes with enzymes, other proteins and DNA, in a living organism causes 
dysfunctioning and hence poisoning. Chronic exposure of human beings to cadmium lead to 
anaemia, anosmia (absence of the sense of smell), osteomalacia, cardiovascular diseases 
(hypertension) and damage of liver and kidney [7, 8, 9, 10]. An example of such a 
poisoning happened in Japan, where water, contaminated with the effluents of a mining 
operation, was used for irrigation of rice fields. Consuming this rice led to the 'Itai-ltai' 
disease, due to cadmium accumulation in bones, kidney and liver. This illness is 
manifested by severe osteoporosis and other defects [ 1 1 , 12, 13, 14]. Cadmium is also 
classified as a carcinogenic chemical, probably due to its strong tendency to form 
complexes with DNA. 
The most important feature which distinguishes heavy metals from other toxic pollutants 
is that metals are not biodegradable. Therefore, they have long environmental 
persistences. Once in the environment, the potential toxicity of heavy metals is largely 
controlled by their species. 
The extent of cadmium accumulation in individuals and plants (bioaccumulation) is related 
to the level of environmental contamination and is the net effect of two competing 
processes, uptake and depuration. An important factor affecting the balance between these 
two processes and, hence, the net uptake is the speciation of cadmium [1 5, 1 6 ] , which is 
dependent on such factors as the presence of other metals, pH, salinity, temperature and 
humidity. The species can be classified as free hydrated cadmium ions, complexée! dynamic 
and complexée! inert cadmium species. A dynamic metal complex is characterized by fast 
association and dissociation rates. Inert cadmium species dissociate extremely slowly and 
are therefore less toxic to the environment than free and dynamic cadmium species. A 
special type of a dynamic complex is the labile complex. A labile complex associates and 
dissociates so fast, that its flux towards an interface is purely diffusion-controlled and not 
governed by the kinetics. The relation between lability and bio-availability is not yet 
fully established and probably quite complex. Bio-availability is also influenced by the 
uptake mechanism of the organism. The bio-available fraction of metal species is 
generally a more relevant quantity than the total amount of metal or the amount of free 
metal for studying toxicology effects. Therefore, techniques are needed which can 
distinguish between metal species. This thesis will discuss and elaborate on these 
techniques for the particular case of metal ions in particle dispersions. 
Techniques to investigate heavy metal speciation 
Most analytical procedures for measuring speciation suffer from the fact that their 
classification is only operational. For example, an air filter discriminates by the size of 
its perforations: only a certain part of the aerosol particles pass. The filter can neither 
discriminate with respect to affinities of metal ion associations nor to species. 
Furthermore, most techniques alter the original speciation to some extent [1 7]. Again we 
can take a filter as the example. Filtering natural water, some metal ions may dissociate 
from the particles and associate with molecules of the filter. In general we can say that the 
more pre-treatments (purification steps) performed on a sample, the larger the error 
due to changing of the original equilibria. Therefore, the best procedure will involve 
minimum sample manipulation [18]. 
Using ion-selective electrodes, manipulation of the sample is not required. An ion-
selective electrode (ISE) directly measures free metal ion activity and discriminates this 
activity clearly against metal ions bound in a complex or adsorbed on particles or colloids. 
Ion-selective electrodes unfortunately are not sufficiently sensitive and selective to 
measure heavy metal ions in the extremely low concentration range typically encountered 
in natural waters. Another technique which allows direct speciation in the original sample 
and measures free metals only, however under dynamic conditions, is voltammetry. 
Hence, similar to ISE, voltammetry is able to differentiate between the metal ions 
electrochemically available and those bound to particles or colloids. Compared to ISE, the 
advantage of voltammetry is a detection limit low enough to cope with the heavy metal ion 
concentrations in natural waters. 
In this thesis, the definitions used, such as for lability, or their implications, may differ 
slightly from the ones used in the environmental field. In voltammetry, the lability of a 
metal complex is always defined in comparison to the effective time scale, usually some 
tens or hundreds of milliseconds. The use of the word lability in environmental sciences is 
still less precise. In most cases it means not more than an indication that a metal complex 
dissociates relatively easily. In this thesis we will adhere to the voltammetric definition. 
Voltammetry 
Voltammetry measures a current (I) as a function of a potential (E) applied on a working 
electrode. Polarography is voltammetry with a repeating mercury drop as the working 
electrode. When an electroactive species (in this explanation we restrict ourselves to 
metal ions) reaches the electrode which has a potential well below the reduction potential 
of the species, the metal ions are reduced at the surface of the electrode, leading to a 
current across the interface. This current is called faradaic. The reduction potential is 
related to the energy involved in transferring one or more electrons (from the working 
electrode) to the metal ion: M2+ +2e -» M. In the case of heavy metal ions, the reduction 
product is the free metal which amalgamates within the electrode material (mercury). 
Any finite rate of reduction of metal ions creates a concentration gradient around the 
electrode. In the case of pure diffusion control, this concentration gradient is dependent on 
the time during which a potential is applied to the mercury electrode. The flux of metal 
ions to the mercury electrode decreases with time. This flux, and hence the faradaic 
current, can be controlled by working under Polarographie conditions, i.e. using a fixed 
time during which a potential is applied, the pulse time t p (Figure 1 ). At a potential 
sufficiently below the reduction potential of the metal ions this fixed pulse time leads to a 
plateau value in the faradaic current. This plateau value is called limiting current l|jm 
(Figure 2). The current is proportional to the concentration of the metal ions in the bulk 
as expressed by the Cottrell equation : 
nFAD^ 2 (c° -c* ) 
1 = ^ (1) 
n is the number of electrons transferred per ion reduced at the electrode, F Faraday's 
number, A the surface area of the static mercury drop electrode (SMDE), DM the diffusion 
coefficient of the metal ion, tp the pulse time, c* the bulk concentration and c° the 
concentration at the electrode, which is equal to zero for l=l|jm (the disappearance of metal 
ions by reduction is very high compared to the supply by diffusion). 
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Figure 1 . Potential programme for normal pulse polarography. E, is the 
initial potential. 
Figure 1 shows a potential scheme typical for normal pulse polarography (NPP). This 
technique makes use of a series of potential pulses superimposed on a pre-set initial 
potential Ej. A potential scan is performed by linearly increasing the amplitudes of the 
pulses. At the end of each pulse, the current is measured and plotted versus the pulse 
potential: this gives the pulse polarogram. The potential at half of the height of the 
limiting current (E1/2) is close to the reduction potential of a certain element and a means 
of identification (Figure 2). Since every element has its own reduction potential, the 
concentrations of for example Zn2 + , Cd2 + , Pb2 + and Cu2 + , which have sufficiently 
different reduction potentials, in a sample can be individually determined in one 
polarogram. 
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Figure 2. A normal pulse polarogram of a solution containing two types of 
metal ions. I|jm is proportional to the concentration and the diffusion 
coefficient of the metal (equation 1 ). 
For a good polarogram some requirements must be met. Convection and conduction of ions 
interfere with the diffusion of the metal ions, and are therefore avoided in a voltammetric 
measurement. Convection is eliminated by avoiding vibration and stirring, conduction is 
suppressed by adding an excess of electroinactive, so-called supporting electrolyte. 
Oxygen is interfering, because it is electroactive. Hence, it should be removed, for 
instance by passing nitrogen in and over the sample. Moreover, gas-tight cells are a 
necessity. Non-faradaic currents ("capacitor" type currents due to applied change in 
potential of the electrode) limit the detection limit of NPP to 10"6 M and should therefore 
be suppressed. Elimination of such non-faradaic currents became possible after the 
invention of differential pulse polarography (DPP) which lowered the detection limit by a 
factor more than 10 (Figure 3). DPP makes use of a potential linearly decreasing with 
time. Potential pulses with constant height and duration are imposed upon this potential. 
The current is measured at the end of the pulse (second current sampled) as well as just 
before the pulse (first current sampled). The current difference is recorded in the 
polarogram. The DP polarogram is featured by a peak which resembles a differentiated NP 
polarogram. The height of the peak is proportional to the concentration of metal ions. The 
potential of the peak maximum is used for the identification of the metal. 
5-1 00ms 
10-100 mV 
il 
I 0.5-4 s 
I 
second current 
sampled 
first current sampled 
drop creation drop dislodge time 
Figure 3. Potential program in a differential pulse Polarographie measurement. 
A special case of DPP is differential pulse anodic stripping voltammetry (DPASV), which 
uses a preconcentration of metals in the mercury drop at a fixed potential. The 
voltammetric scan is taken by redissolving (oxidizing) the amalgamated metal. In this 
way, the detection limit is further lowered to 10"10 M. The drawback of this method is that 
the theory behind this technique is not yet fully understood and this complicates the 
quantitative interpretation of data [1 9]. 
Voltammetry of metal-particle complexes 
The over-all reaction scheme is written for an electroactive metal ion M++ which may 
form electroinactive complexes MS, with the various (i) complexing sites Sj on the 
surface of the particles (Figure 4). 
mercury 
electrode 
^ M ( H g ) 
Figure 4. A Polarographie schematic outline of electroactive, free metal ions 
(M+ + ), which form electroinactive complexes (-MS+) in a latex dispersion. 
Ions of one type of metal complexed by various types of ligand are identified as separate 
metal species. The association and dissociation rate constants ka, and kd j are related to the 
equilibrium constant Kj of the particular class of sites i: 
K| = kaii/k •d,i 
{MS+} 
[M++]{S-( 
(3) 
{MS+}, [M++] and {S~} are the concentrations of metal-complex, free metal ions and 
dissociated surface groups, respectively. The {} denote moles per unit of surface or 
volume shell. For voltammetry, all have the units of moles per unit volume in the total 
volume of the sample. Kjhas the dimension of unit volume per moles. 
From voltammetric results, the analytical solutions are available for the calculation of Kj 
in the case of a inert and in the case of a labile metal complex. For a dynamic, non-labile 
metal complex the data yield the dissociation rate constant k<j and for intermediate cases 
the analysis is hardly feasible [20, 21]. The metal complex is called inert or static (non-
dynamic), when the life times of the metal complex and the metal ion largely exceed the 
pulse time of the voltammetric measurement. Then, the association and dissociation rates 
are so low that during the voltammetric experiment the metal complex cannot dissociate to 
restore equilibrium after removal of electroactive species near the electrode. Hence, no 
additional metal ions are released and MS does not contribute to the limiting current. In 
this case it is very simple to calculate the binding constant considering: 
'lim(with ligand) M i t 
'lim(without ligand) LMJ t o t a | 
4> Is the normalized limiting current (dimensionless). 
(4) 
In the semi-dynamic regime the lifetimes of the metal complex and metal ion are of the 
same order of magnitude as the pulse time; part of the complex dissociates and some of the 
metal ions produced will be reduced at the electrode. This results in a higher limiting 
current than in the static case. In the dynamic regime, the life times of M and MS are 
much shorter than the pulse time. The semi-dynamic and the dynamic regime are featured 
by a shift in reduction potential (AE) compared to the reduction potential of the blank (a 
sample with free metal ions only) due to the contribution of dissociating MS to the 
limiting current. The static regime lacks such a potential shift, since MS does not 
contribute to the voltammetric response. 
Model particles 
Model particles are useful if they are better defined in size, number and types of surface 
groups than natural colloids. A colloid is a phase dispersed to such a degree that the surface 
forces become an important factor in determining its properties. The size of a typical 
colloid varies between Inm and Ip/m. Natural waters contain for example humic and fulvic 
acids, haematite, other oxide particles, living organisms and soil particles, all in 
different sizes and with different metal-binding capacities and affinities. In other words, 
in natural water the parameters which are essential in voltammetry, such as diffusion and 
lability of metal complexes, types and densities of metal-complexing groups on the 
surface of the particles, are rather ill-defined. In this voltammetric study we are 
interested in investigating and understanding metal-binding mechanisms using a model 
particle system. Such a model system will provide a foundation for understanding 
(voltammetric) data of natural particle systems, such as haematite. Other investigators 
have used polyacrylic acid and polymethacrylic acid as models for natural 
polyelectrolytes: humic and fulvic acids [22, 23]. 
Unfortunately, haematite is electrochemically active, hence disturbing the voltammetric 
measurement of heavy metals. The model colloids studied here are latices, which do not 
show this problem. According to IUPAC, a latex is an emulsion or sol in which each 
colloidal particle contains a number of macromolecules. Often latices contain polymers of 
styrene. Latex can be synthesized in a variety of homodisperse sizes, with various types 
and densities of surface groups and with or without a hydrophilic polymer coating, in 
different thicknesses. The latex used in this study consists of polymerized styrene 
spheres. As a result of using K2S2O8 as the initiator in the polymerization reaction, some 
-O-SO3" groups are present on the particle surface. COOH groups, needed for studying 
metal binding, are produced by oxidizing -C - OH groups. 
Other latices were coated afterwards using the monomers glycidyl methacrylate, 
sodiumvinyl sulphonate and acrylamide. In this way, a core-shell particle is obtained: 
after polymerization a shell of cross-linked polymer is covalently bound to the 
polystyrene core. The shell is hydrophilic, the polystyrene core hydrophobic. The 
intensity of cross-linking is lower as more acrylamide is used. Investigations by [24, 
25] revealed that for such latices the shell thickness varies between 1-6 nm (± 1 nm) in 
the dry state. The radius of these core-shell latices in the dry state is smaller than the 
hydrodynamic radius in aqueous dispersion; a shell of 1-2 nm swells to about 5 nm. This 
means that the shell is penetrated by water and ions [26] . Core-shell latices hardly 
dissolve in organic solvents as tetrahydrofurane, toluene and dichloroethane, whereas 
polystyrene latices without shell dissolve completely. Further, they are colloidally very 
stable; they can withstand more than 1 M NaCI without flocculation. Polystyrene particles 
without this type of shell normally exhibit a much lower critical flocculation 
concentration. This points to sterically stabilizing polymeric moieties at the surface of the 
particles [26] . These two facts evidence that the core-shell particles are completely 
covered by their shells. The shell contains sulphonic and carboxylic surface groups. To a 
small extent, some of these groups can migrate to the surface at high pH [27]. The density 
of these groups is not high, as was evidenced by conductometric titration. As a result, the 
latices have a relatively low negative surface potential. 
Purpose of this work 
The aim of the present voltammetric investigation is the speciation of metal ions in 
dispersions of colloids with which they may associate and the underlying metal-binding 
characterization. The metal binding is expected to be dependent on pH, types of surface 
groups, density of surface groups and (indifferent) salt concentration. We want to know 
whether the metal complexes formed are labile and whether voltammetry is a useful 
measure to study the metal speciation in these dispersions and the physicochemical 
features of the metal/particle interaction. 
Chapter II deals with the amounts and types of surface groups that are determined by 
Potentiometrie and conductometric titrations. This information is needed for Chapter III, 
in which the labilities of the cadmium, lead and zinc complexes are studied using several 
voltammetric techniques. In Chapter IV, voltammetric titrations with cadmium are 
carried out to determine the amount of cadmium-complexing groups of some latices. 
Chapter V deals with the dependence of the affinity constant ( K ) of cadmium on the pH and 
the supporting salt concentration. For one latex, the results are explained in terms of 
distinction between electrostatic and intrinsic contributions to the metal binding. 
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Chapter II 
Experimental conductometric and Potentiometrie 
study of the ligand characteristics 
Abstract 
Two types of polystyrene latices, one with surface carboxylic groups and the other covered 
with a polymer shell containing carboxylic, sulphonic (and perhaps some hydroxylic) 
groups, were potentiometrically and conductometrically t i t rated with potassium 
hydroxide to obtain the amounts of carboxylic and sulphonic groups. Potentiometrie 
measurements using potassium hydroxide followed by a titration using nitric acid were 
performed on one core-shell latex to check reversibility. For this core-shell latex, 
Potentiometrie studies were carried out at different concentrations of supporting 
electrolyte (potassium nitrate). 
Introduction 
The aims of the present study are the conductometric and Potentiometrie identification and 
characterization of surface groups on a variety of latices. These data are necessary for 
voltammetric investigations, in Chapters III and IV, and for the calculation of surface 
potential models, used for the analysis of proton and metal ion binding, in Chapter V. 
Different kinds of latices will be analyzed: a polystyrene latex with a high surface density 
of carboxylic groups, and a number of core-shell latices, which consist of a hydrophobic, 
polystyrene core and a hydrophilic polymer coating (shell) with a low density of 
carboxylic groups and some sulphonic groups. Carboxylic groups are formed as a result of 
the oxidation of hydroxyl groups and a very small amount of these may still be present in 
the shell. They dissociate at a pH of about 9-10. The surface of the polystyrene core 
contains some sulphonic groups, as a result of the presence of the initiater K2S2O8 used 
for the polymerization of styrene. The monomers used for the shell are glycidyl 
methacrylate, sodium vinylsulphonate and acrylamide. After polymerization the 
hydrophilic shell of crosslinked polymer is covalently bound on the polystyrene core. The 
intensity of cross-linking is lower when more acrylamide is used [1] . Due to the 
acrylamide, there is also a very small amount of amide groups in the shell. The amide 
group has two pK values: about 0.5 and 10. The number ratio of carboxylic to sulphonic 
surface groups may be different for the latices analyzed as a result of using different 
ratios of glycidyl methacrylate and sodium vinylsulphonate. 
Investigations by Brouwer [1] revealed that for similar latices the shell thickness varies 
between 1-6 nm (± 1 nm) in dry state. For each type of latex, the thickness of the shell is 
constant within the range of 1 nm. The shell thickness varies for the different latices. The 
radius of 'dry' core-shell latex is somewhat smaller than the hydrodynamic radius; a shell 
of 1-2 nm swells to about 5 nm. Core-shell latices hardly dissolve in organic solvents as 
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tetrahydrofurane, toluene, dichloroethane, whereas polystyrene latices without shell 
dissolve completely. Further, they are colloidally very stable; they can withstand more 
than 1 M NaCI without flocculation. Polystyrene particles without this type of shell 
normally exhibit a much lower critical flocculation concentration. This points to 
sterically stabilizing polymeric moieties at the surface of the particles [2 ] . These two 
facts evidence that the core-shell particles are completely covered by their shells. Core-
shell latices contain a discrete, fine-textured grainy shell without bare polystyrene 
matrix [3, 4, 5]. The shell is penetrable for water and ions [1 ] . 
Kim [4] found a difference in equivalent acid groups in the reverse Potentiometrie 
titration using core-shell latices. The explanation for this fact is that upon exposure of 
the latex to base, the groups which are just buried beneath the surface of the shell, 
migrate to the surface on the timescale of several minutes and become neutralized. We'll 
check reversibility for one core-shell latex. 
Theory 
The protolytic equilibrium of an acidic group i, denoted as HSj, on the surface of a colloid 
particle, can be expressed by: 
HS. ""> H+ + S" (1) 
I - € — I 
where the dissociation constant K3|j of the acidic group HSj is expressed as: 
[H+ ] [Sr] 
[HSJ 
(2) 
To calculate Ka,i from Potentiometrie data, we need the mean bulk activity coefficient y+. 
In this paper it is calculated according to Davies' empirical formula [6] : 
z + z -
J + |V2 
in which I is the ionic strength: 
|V2 
0.3 I (3) 
l ^ l c j z f (4) 
j 
The quantities in square brackets are concentrations, which are expressed in moles per 
unit volume. Except in conductometry, all experiments are carried out at a constant and 
relatively high concentration of supporting electrolyte. Hence, bulk activity coefficients 
( Y ± ) are constant. Experimentally, instead of calculating Ka j in (2) we use the bulk 
activity of the protons (pH) to compute Ka. In this way, we find an apparent Ka which is 
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not corrected for the effect of surface potential due to charge on the surface and not 
corrected for salt effects. 
In the computation of the amount of protons present in the bulk we do not have to correct 
for the surplus of protons present in the double layer due to the surface potential, since 
the volume of the double layer multiplied by the concentration of protons in the double 
layer is very small compared to the bulk volume multiplied by the bulk proton 
concentration. 
The index i distinguishes between sites S with different affinities for protons, resulting 
both from differences in the intrinsic chemical nature of the actual ligands or sites and 
differences caused by lateral interaction. The latter is referred to as the polyelectrolyte 
effect. As we know from the literature on ion binding by polyelectrolytes, the two effects 
are not easily separated. Regarding the chemical composition of the surface groups of the 
latices, the number of fractions is limited to two: the sulphonic groups ( f i ) and the 
carboxylic groups (f2). The tiny fractions of hydroxyl and amide groups will be ignored. 
We define: 
[Sr] + [HS. ]
 c. 
W = ' ' = -*• (5) 
[S-] + [HS,] + [S-] + [HS2] CS 
where c$ is the total (= dissociated and associated groups) concentration of groups Sj. 
The overall degree of neutralization (an) is defined as the ratio between the number of 
moles of hydroxide added to the (poly)acid and the maximum number of moles of protons 
which can dissociate from surface groups: 
«n - [KOH]add/cs (6) 
The overall degree of dissociation (ad) is defined as the ratio between the concentration of 
all deprotonated acidic groups and cs : 
? [ST ] f [Sr] 
« d = J = L î B t L L i (7) 
In practice, after cleaning the latex according to the procedure mentioned in the section 
Materials and Methods, the only protons remaining are those originating from the surface 
groups, apart from a negligibly small amount resulting from the dissociation of water. 
Hence, an and cxd can be calculated for any point of a titration by applying equations (6) 
and (8), respectively [7] : 
«d = "n 
[H+]-Kw/[H+bf 
cS 
(8) 
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Kw is the dissociation constant of water, Kw = y^[H+][OH ] . y+ is the mean bulk activity 
coefficient and it is calculated according to Davies' empirical formula (3,4). 
Semi-empirical Henderson-Hasselbalch curves will be plotted: 
pH = pKa + m l o g ( - ^ - l (9) 
where m is a semi-empirical measure for the polyelectrolyte effect, which is dependent 
on surface potential, and hence on the total surface charge density and ionic strength. The 
stronger the polyelectrolyte effect, the larger becomes m (m is 1 when no polyelectrolyte 
effect occurs). Note that in equation (9) m is also influenced by change in Ka due to the 
presence of groups with different intrinsic nature, because in (9) the apparent Ka and 
general degrees of dissociation are used. 
Conductometry will be used to determine the total amount of surface groups and the 
fractions of weak and strong acid groups of the latices. The results of potentiometry can be 
combined with the conductometrically obtained total amount of sites to calculate ad 
according to equations (6,8) for each point in the Potentiometrie titration [7] . From the 
plot of pH versus the degree of dissociation the fractions of strong and weak acid surface 
groups are derived and compared to the conductometrically obtained results. 
Materials and Methods 
Chemicals 
Analytical-reagent grade chemicals were used unless indicated otherwise. Titrisol 
potassium hydroxide solutions (Merck) and Titrisol nitric acid solutions (Merck) were 
used in the conductometric and Potentiometrie titrations. 
Latices 
Latices were kindly provided by AKZO Corporate Research, Arnhem, the Netherlands. The 
AKZO company coded the polystyrene latex with carboxylic groups with AKB20 and the 
core-shell latices with A0Y5, A0Y8, AOY20 and AOY22. Other people also refer to these 
latices as such in their articles. To avoid confusion, we use these names in this work. 
Prior to titration, the latices were brought into the acid form by adding nitric acid to a 
final concentration of 0.01 M HNO3. The concentration of latex in water was 3-4% 
(w/w). The latices were subjected to a cleaning treatment using a micropore dialysis 
apparatus and rinsed with 0.01 M HNO3, up to at least 10 times the volume of the 
micropore dialysis apparatus. After this acid treatment, the latices were cleaned from 
excess of acid and detergents and salts, which were still present, by rinsing with nanopure 
water. After rinsing with approximately 4 liters of nanopure water, the surface tension of 
the water passed indicated that no surfactants desorbed upon further washing. However, 
some electrolyte continued to leach, as judged by conductivity measurements. Removing 
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salts apparently demanded more water than removing surface active substances. 
Therefore, only the conductivity was measured in later cleaning treatments. After rinsing 
the latices with an amount of nanopure water of at least 30 times the total volume of the 
micropore dialysis apparatus, the conductivity of the rinsing water reached the same 
value as that of nanopure water. After being used in experiments, the latices were cleaned 
again using the method described above. The results for these "recycled" latex were not 
different from those for fresh samples. 
Conductometric titrations 
For all latices the conductometric titrations were carried out in duplo and performed as 
follows: 50 ml of dispersion of about 1% w/w latex in 0.01 M KNO3 was purged with 
nitrogen for at least half an hour before being titrated with 0.1 M KOH (Titrisol, Merck) 
using a Wayne Kerr B905 automatic precision bridge attached to a Hewlett-Packard HP85 
computer and a model 665 Dosimat (Metrohm). The solution was thermostatted at 20°C ± 
0.2°C. 
Potentiometrie titrations 
50 ml of a solution of about 1% w/w latex in 0.01 M KNO3 was purged with nitrogen 
(purity grade 5.0) for at least half an hour before being titrated with 0.1 M KOH and 0.1 
M HNO3 (Titrisol, Merck) using a Schott TR 250 potentiometer and automatic burettes 
(Schott Geräte Titronic TA 05) attached to an Olivetti 286 personal computer and a 
combined pH electrode (Metrohm AG CH-9101). The solution was thermostatted at 20°C ± 
0.2°C. Reversibility of the titration of AOY5 was checked by titration with 0.1 M HNO3 
(Titrisol, Merck) directly after the titration with KOH. After this, a second titration with 
KOH was performed on the same dispersion. 
Results and Discussion 
As pointed out in the Theoretical section, we are interested in two fractions of latex 
surface groups: carboxylic (weak) and sulphonic (strong) acid groups. The conductivities 
are plotted versus the volume added KOH (Figure la,b). The decrease in conductivity 
(region A, Figure 1 a,b) upon addition of potassium hydroxide is caused by the replacement 
of protons from acid groups by the slower potassium ions: 
H + + K a + dd + 0 H a~dd- H 2° + K + (Region A) 
The small transition involves the neutralization of bound protons, generating charged sites 
S| and leaving counterions in solution: 
HSi + Kadd + 0Hadd ~* H 2° + K + + s r (Region B) 
In region C, the steep increase is due to the addition of potassium ions and hydroxide ions 
to a solution in which all protons have already been neutralized [8, 9] . Further, we must 
note that in general the fraction of carboxylic groups is partially dissociated and hence 
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contributes to region A. However, the conductometric plot of latex AKB20 (Figure la) , 
which has carboxylic surface groups only, showed no decrease in conductivity at the onset 
of the curve. An absence of regime A was interpreted as absence of strong acid groups. 
Therefore, any decrease observed at the onset of the conductometric plots of other latices 
is attributed to the presence of strong acid surface groups. For all latices, the amount of 
strong acid groups was operationally determined as follows: one regression line was drawn 
in regime A and another one in region B. The volume KOH used to reach the intersection 
point of A and B was utilized to calculate the amount of strong acid groups. The total amount 
of surface groups was determined in the following way (Figure 1 b): one regression line 
was drawn in region B and another in the region C. The volume of KOH corresponding to 
intersection point B-C was used to compute cs, the total concentration of surface groups. 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
V (ml) KOH 0.100 M 
1.8 2.0 
Figure 1 a. Conductometric titration for AKB20, a polystyrene latex with 
carboxylic surface groups. 
In general, the curves for the AOY-types always start with a decrease in conductivity 
(Figure 1b, region A), then shows a weak transition zone (region B), before coming to the 
reference slope (region C). The slope in region A varies from one latex to another. This 
evidences that the slope of A is not equal to the mobility of the protons minus the mobility 
of the potassium ions. It can be caused by a reduced mobility of protons and potassium 
ions, which may be "trapped" in the shell. For latex AOY20 region C was extended. The 
slope did not change, indicating that all surface groups were titrated. This means that 
vicinal hydroxyl groups, which would be titrated at high pH, are not present in the shell. 
In general, the slopes in part C should be constant for all latices (Figure lb ) , since all 
potassium hydroxide added contributes directly to the conductivity. Within a range of 4 % 
this is true for all latices, apart from latex A0Y5. Maybe in this particular case of 
titrating core-shell latices the slope of region C can be lower than the blank; the 
potassium ions (and hydroxide) ions could be less mobile if a part of them would be 
present the shell, similar to the situation for protons and potassium ions in region A. 
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Figure 1 b. Conductometric curves of the core-shell latices, the AOY-types. 
Table 1 . Characteristics of the core-shell and polystyrene core only (AKB20) latices. 
Latex 
radius (shell 
included) m 
shell thickness (m) 
conductometric 
fraction of 
sulphonate groups 
surface groups (mol 
m"2) 
group density 
(mol/m3 in shell) 
rel.exp.error* 
distance (nm) ** 
Potentiometrie 
pKa intrinsic 
pKa average 
fraction of 
sulphonate groups 
slope m of Henderson 
Hasselbalch plot 
* relative experimen 
** average distance i 
throughout shell 
core-
AOY5 
9.35 10"8 
5 TO"9 
titrations 
0.29 
9.0 10"7 
1.9 10+2 
8.1 10"3 
2.1 
shell 
AOY8 
9.25 10"8 
4 10-9 
0.35 
5.7 10-7 
1.5 10+2 
4.4 I C 3 
2.2 
latices 
AOY20 
1.95 10"7 
2 lu"9 
0.51 
7.7 10"7 
3.9 10+2 
1.4 10"3 
1.6 
titrations (0.01 M KN03) 
3.63 
6.13 
0.34 
3.49 
4.18 
5.93 
0.38 
2.39 
3.01 
5.44 
0.50 
2.93 
AOY22 
4.9 10"8 
8 10-9 
0.36 
5.6 10"7 
8.3 10+1 
2.9 10"3 
2.7 
3.15 
5.49 
0.40 
3.03 
tal error : l(c$ titr 1 -es titr2)l/average (cs 
n nm between surface groups if randomly distr 
(AOY-types) or surface (AKB20) 
core latex 
AKB20 
7.1 10"8 
0.00 
10.3 10"6 
2.7 lu " 2 
0.4 
7.88 
8.55 
0.00 
1.78 
titr 1,2) 
buted 
We expect this effect to be stronger at an increased thickness of the shell (Table 1 ). The 
shell of AOY22 is thicker than the shell of A0Y5 but still AOY22 does not show this effect. 
AOY22, however, has no high surface groups density, as we will see later on (Table 1 ). 
Perhaps the combination of a thicker shell and a high shell groups density causes the 
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effect: as it will turn out later, the surface group density expressed in mole per square 
meter is highest for AOY5 amongst all AOY-types. Values and fractions of total and 
weak/strong acid groups are given in Table 1. 
The volume of KOH corresponding to the intersection point of region B and C was used to 
calculate cs, the total concentration of ligand. For further analysis, c$ obtained from 
conductometric plots is used for the definition of an (equation 6). 
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Figure 2. Potentiometrie titration curves of the core-shell latices and the 
polystyrene core-only latex, plotted versus their degree of dissociation (ad), 
obtained using the total amount of surface groups from conductometric results. 
The Potentiometrie curve of AKB20 is quite smooth and shows one faint transition, 
corresponding to carboxylic groups. Potentiometrie titrations for AOY-latices show two 
transitions, which can be attributed to sulphonic and carboxylic groups, respectively. For 
the Potentiometrie curves of the AOY-types, the first transition is clear, the second is 
quite weak. The second transition point corresponds to a pH of roughly 8.7 for all AOY-
types, except for A0Y5, where the pH is 9.6; for AKB20 it is at pH 10.5. These facts seem 
to be consistent with the carboxylic nature of the groups and with the total surface group 
densities of the latices, which increase in the order AOY8=AOY22<AOY20<AOY5«AKB20. 
Direct combination of conductometric and Potentiometrie data by using the amount of added 
hydroxide at the second transition point in the conductometric titrations, gives us Figure 
2. Experimental values of pH for the four AOY-types and AKB20 are plotted versus the 
degree of dissociation calculated using the amount of total surface groups obtained from 
conductometry. According to Figure 2, the AOY-types are partially dissociated at the onset 
of the titration, whereas AKB20 is not. This can only be explained by the presence of 
strong surface groups. This adds to our conclusion above that the fraction of strong acid 
groups and the fraction of weak acid groups measured by potentiometry and conductometry 
correspond to the sulphonic fraction and to the carboxylic fraction, respectively. The 
largest error between the potentiometrically and conductometrically obtained values of 
strong acid fractions is 5 % (Table 1). This is reasonable, since we titrated low amounts 
of surface groups; the total equivalent bulk concentration was roughly 10"3 M for all 
latices. 
In Figure 2, the degree of dissociation should not exceed the value of one; this is only the 
case for AKB20. Perhaps hydroxyl ions are trapped in the shell, as explained above, 
leading to a lower pH than expected, resulting in a degree of dissociation higher than unity 
using equation (8). 
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Figure 3. Henderson-Hasselbalch curves for each latex. 
Figure 3 presents the dependence of the pH on log (oy/(1 -ad)). The polyelectrolytic 
character of the surfaces of the latices is shown by a slope m higher than 1 at high a^ 
values. Values of m of the sulphonic groups can only be estimated, since the curves contain 
just a few points in this region, m seems close to unity for the sulphonic groups. An 
increase in the slopes is observed at the transition between the lower pKa values of 
sulphonic groups and the higher pKa values of carboxylic groups. The values of m after 
this transition are again lower than in the transition, but still higher than the ones of the 
sulphonic groups. The slopes m of the AOY-types increase with higher surface charge 
density (Table 1). In this case, a higher m value indicates a stronger polyelectrolytic 
behaviour. AOY22 deviates from this trend. It seems reasonable to assume an equal 
dielectric permittivity in the shell of all AOY-types, since they are synthetized in the 
same way using the same chemicals [10] . Then the value of m should increase with 
decreasing average distance between two surface groups, if randomly distributed. In Table 
1 the average distance between surface groups is calculated on the basis of the assumption 
of random distribution. Comparing the different values of m for various distances between 
the surface groups does not yield this trend. This might be due to a heterogeneous site 
distribution. In this way the deviation of AOY22 can be explained. The plot of AKB20 is 
shifted much more upwards than the curves of the AOY-types. We must note that the 
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surface density of AKB20 is much higher than for the AOY-types and that the surface 
groups are situated on a surface and not in a kind of permeable shell, as for the AOY-types. 
For all AOY-types, the distance between two surface groups is less than 3 nm, whereas for 
AKB20 this distance is 0.4 nm. Hence, the upwards shift may be due to a high surface 
potential in the case of AKB20. 
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
ml KOH 0.05 M 
0.45 
Figure 4. Potentiometrie results for latex AOY5 at various ionic strengths. 
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Figure 5. Reversibility check for latex A0Y5. 
The slope of the Henderson Hasselbalch plot of AKB20 is 1.8, which is not very high 
compared to the values of the slopes of the Henderson Hasselbalch plots of the AOY-types. 
This is probably due to a an effect in screening of the surface groups: a two-dimensional 
surface charge (AKB20) can be screened easier than a three dimensional shell charge 
(AOY-types). Another effect already mentioned in the Theoretical Section may also add to 
the lower slope of AKB20 compared to the AOY-types, although probably slightly: the 
AOY-types have two types of surface groups, each with a different pK value. In a titration 
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of latices the transition from one type of groups to another type is not steep, but is 
relatively smooth compared to a titration of a solution containing two types of titratable 
ions. Hence, it may affect the slope of the Henderson Hasselbalch plot for the AOY-types, 
whereas AKB20 consists of carboxylic groups only. 
We can give an estimation about the electrostatic interaction between different groups of 
the same polyion. When the spacing between the charged sites is not much larger than the 
Debye screening length (l_n), the electrostatic interaction between the sites is important. 
This is the case for a not too low charge density and a not too high ionic strength. Using an 
equation derived by Bjerrum (LB) , we compute the distance between two charged groups at 
which the energy is equal to kT. The Debye length and the Bjerrum length are given by 
[8] : 
MoRI]
 (10) 
(11) 
with e the unit charge, e r the relative permittivity coefficient, E 0 the absolute 
permittivity coefficient, k Boltzmann's constant, T temperature, R the gasconstant, z 
valence of the supporting salt (KNO3), c the concentration of supporting salt. The Debye-
length of a double layer in a 0.01 M KNO3 solution is 3 nm and the Bjerrum-length is 0.7 
nm, both calculated on the basis of the relative permittivity constant of water 
(80)(equations 10 and 11 ). This means that the surface groups of AKB20 and the AOY-
latices, with an average distance up to 2.7 nm, do feel each other. The average distance 
between two surface groups of AKB20 is 0.4 nm, calculated assuming a completely flat 
surface. (In reality, the distance between two groups might be slightly larger). The 
relative dielectric permittivity of the shell of the AOY-types and AKB20 is dependent on 
the fraction of water in the shell. Estimating the relative permittivity in the shell at 40 
and given an ionic strength at the surface equal to the bulk, the Bjerrum-length is larger 
at the surface than in the bulk. In addition, the screening of surface groups is more 
effective than in the bulk. The primary site-site interaction energy outranges the 
interaction effect of the screening length at the surface. The net effect is that at the surface 
of the latices the interaction energy between groups is larger than in the bulk. Hence, the 
polyelectrolytic effect should be strong for the AOY-types and very strong for AKB20. 
However, the screening of surface groups of AKB20 may be better than in the shell of the 
AOY-types, due to the fact that almost all surface groups of AKB20 are in contact with 
water, as discussed above. Further, the ionic strength in the shell is very likely higher 
than in the bulk. 
An increase of the KNO3 concentration generally leads to a higher charge. This is shown for 
AOY5 in Figure 4 and it is due to a more effective shielding of the negative charges on the 
surface by potassium ions, present as counter charges around the particle and in the shell. 
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The effects mentioned above do not seem to sharpen the discrimination between the 
sulphonate and carboxylate groups at higher salt concentration, in contradiction to our 
expectations. The surface groups influence each other more or less to the same extent at 
the two higher salt concentrations. It could be that at 0.1 M KNO3 the surface groups are 
effectively screened. The relation between the concentration of KNO3 in the shell and the 
concentration of KNO3 in the bulk can be estimated using the Donnan effect. The relation 
might be a non-linear one. This point will be considered in more detail in Chapter V. The 
total amount of surface groups obtained from the Potentiometrie curve at 0.3 M KNO3 is 
the same as the amount found with conductometry. 
The backwards titration shows hysteresis (from the first t itration) (Figure 5). In 
accordance with the results of Kim [4] we observe a difference in the distribution of 
surface groups. He explained that upon exposure of the latex to base, the groups which are 
just buried beneath the surface of the shell, migrate to the surface on the time scale of 
several minutes and become neutralized. A difference in the total amount of surface groups 
was not observed. Maybe we titrated slightly slower than Kim did, so that equilibrium was 
almost attained. The third titration curve is the same as the first one. Probably the 
surface groups fold back to their first positions after exposure to acid. This would mean 
that the system is reversible. 
Conclusions 
For all AOY-types conductometric results are qualitatively in agreement with those 
obtained by potentiometry, showing a strong and a weak acid fraction. From a quantitative 
point of view and within experimental error, the total concentration of groups is 
coincident for the two techniques, although conductometric data seem to be more accurate 
than the Potentiometrie results. For AKB20, conductometry and potentiometry show the 
same results: a very high density of mainly weak, carboxylic groups. 
Potentiometrie acid-base titration of AOY-type latices clearly shows two transitions 
corresponding to two kinds of acidic groups. The first transition is attributed to sulphonic 
groups and the second to carboxylic groups. AKB20 shows one transition only, originating 
from carboxylic groups. The Potentiometrie curves are influenced by electrostatic effects 
(the acidity constant Ka is strongly dependent on the degree of dissociation). The overlap of 
the transitions corresponding to the two types of groups hinder an accurate determination 
of the sulphonic and carboxylic fractions. Conductometry seems to be more convenient 
than potentiometry to determine the amounts of surface groups, since it is less imprecise 
in determining the individual fractions. Potentiometry and conductometry both succeed in 
finding the total amount of surface groups. The protolytic forward and backward titration 
show some hysteresis, possibly connected with migration of surface groups in the shell of 
the core-shell latices. This effect is reversible. 
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Chapter III 
Experimental study of the binding characteristics 
using voltammetry 
Abstract 
Two types of polystyrene latices, one with surface carboxylic groups and the other covered 
with a polymer shell containing carboxylic and sulphonic groups, were used as ligands for 
binding metal ions. In-situ voltammetric experiments were carried out for zinc(ll), 
cadmium(ll) and lead(ll) ions to characterize their association with the surface groups. 
The core-shell latices form relatively weak and labile complexes with these ions. In the 
case of highly charged latices, the metal/carboxylate surface complexes lose lability at 
high degree of dissociation. Besides performing Cottrell-type experiments, we also 
computed the lability of lead-carboxylate complexes using the most rigorous lability 
criterion [1]. 
Introduction 
Natural waters contain a range of particles, both organic and inorganic, that are able to 
adsorb heavy metal ions [2]. The adsorption behaviour of these metals, which constitutes 
one aspect of their speciation, can be studied with a number of methods, including 
voltammetry. Much work has been done on humic and fulvic acids [3, 4], and on their 
model polyacids [5, 6], including polymethacrylic acid [7]. Though important, humic and 
fulvic acids are not the only substances in nature which act as metal-complexing agents. 
Relatively unexplored is the subject of heavy metal speciation in dispersions of solid 
particles. For many types of dispersions, the metal ion adsorption is not yet very well 
understood. Natural particles in water are usually poorly defined and quite heterogeneous, 
both with respect to their size and the nature of their chemical groups. This complicates 
the interpretation of voltammetry. Therefore, it is easier to start with a model system. 
The model particle dispersions used in the present study are latices, which are 
particularly suitable because the charge density on the particles can be controlled. 
Further, the particles are perfectly spherical, homodisperse and they can be synthesized 
over a range of sizes. In this research, homodispersity is a prerequisite, because the 
voltammetric response is partially or completely determined by diffusion and the 
diffusion coefficient of the metal/particle associate should be well-defined. 
In contrast to most analytical techniques, voltammetry detects free (i.e. non-bound) metal 
ions, albeit under dynamic conditions (transport of mass by diffusion and 
association/dissociation kinetics). Other known methods, including atomic absorption 
spectroscopy (AAS), quantify the total amount of a type of metal in a sample. Voltammetry 
is an in-situ method and its dynamic nature generally allows the specification of chemical 
complex forms of a particular metal, thus allowing direct and non-destructive speciation 
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in the original sample. It can discriminate between types of heavy metal on the basis of 
differences in their standard potentials, so different types of heavy metal ions can be 
simultaneously measured. This means that competition for complex formation between 
different of heavy metal ions can also be studied. At higher pH values, metal-hydroxyl 
complexation occurs, interfering with the complexation under study. Hence, voltammetry 
can be used up to a pH of about 5-6 for lead(ll), 7-8 for zinc(ll) and 8-9 for 
cadmium(ll). 
The voltammetric analysis will include checking whether the surface complexes with 
cadmium(ll), zinc(ll) and lead(ll) are labile. Lability implies that two basic conditions 
are obeyed. First, the system should be dynamic, meaning that the residence time of the 
metal ion on the ligand is very short compared to the time scale of the experiment. Second, 
the voltammetric response should be limited by coupled diffusion of the metal ions and 
metal complexes involved. 
Some types of latex used in this investigation contain a shell of hydrophilic, permeable 
polymer in which the ligands are distributed. Therefore, free metal ions "trapped" in this 
shell may need extra time to leave the shell, causing a larger average residence time. Of 
course, this effect will be smaller if the water content of the shell is high, if the 
"cavities" in the shell are quite large and the shell is relatively thin. This extra residence 
time, together with the time needed to dissociate from the complex, is important for the 
lability. Hence, the effect of an increased residence time can affect the lability of the metal 
complexes. Further explanation concerning voltammetry and lability will be given in the 
Theoretical Section and in Chapter IV. 
Theory 
In general, voltammetry measures the current as a function of the applied potential at a 
working electrode. Near the standard potential of an electroactive component, a current 
caused by its reduction (or oxidation) at the working electrode can be measured (the so-
called faraday current). Hence, a depletion layer (diffusion layer) of this electroactive 
component is generated around the electrode. Due to the concentration gradient in this 
layer, the electroactive component diffuses towards the electrode, where it is reduced. At 
sufficiently negative potentials the rate of metal ion reduction reaches its maximum for a 
certain fixed pulse time, this corresponds with the "limiting flux". Analogously the 
current measured at this stage is named "limiting current". As explained in Chapter I, this 
occurs at potentials sufficiently negative from the standard potential of the metal ions 
( E0). The analysis of the diffusion of the metal ions and metal complexes involved is 
primarily determined by translatory diffusion. However, one can imagine that in the case 
of particles rotational diffusion could also contribute to the voltammetric response. 
Rotational diffusion will be important for a thin diffusion layer around the electrode in 
combination with relatively large metal complexing particles. In our case, the thickness 
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of the diffusion layer is in the order of 10 5 m and the particles have diameters of about 
10"7 m, allowing the contribution of rotational diffusion to be neglected. 
The over-all reaction scheme is written for an electroactive metal ion M+ + which may 
form electroinactive complexes MSj with the surface groups SJ: 
M++ 
+ 
2 e 
4. Î 
M°(Hg) 
+ vS: 
i 
+ 
vH+ 
i î 
vHS, 
ka,i 
kd,i 
MS(2 v ) 
i,v 
(1) 
If ions of one type of metal are complexed by various types of ligand, each type of metal-
complex is identified as a separate metal species. The free metal ions are regarded as one 
type of metal species. The association and dissociation rate constants ka i and kd j are 
related to the equilibrium constant K, of the particular class of sites i: 
K| = ka,i/kdJ = [MS. ] / [M] [S- ] (2) 
[MS. ] , [M] and [S~] are the concentrations of metal-complex, free metal ions and surface 
groups, respectively, all in moles per unit volume. According to De Jong et al. [1 ] , the 
complex system is called labile, if, for metal-to-site ratios much less than unity, the 
following conditions are obeyed: 
ka jt, kd j t » 1 (3a) 
, k ^ ( E - l + K ? ) , 
A t l / 2 = _ d , ' t l /2 ^ -, ( 3 b ) 
Kf(1 + Kf)"2 
with k^ = ka | i[S-] Kf = Kj[S-] (4a) 
and e = DMS/DM (4b) 
A labile system demands in the first place fast dissociation and association rates, given by 
equation (3a). Second, the flux of all metal species to the surface of the electrode should be 
purely diffusion controlled and this requires that the hypothetical metal flux due to 
dissociation of the complex is large as compared to the diffusion flux of the complex. 
For a homodisperse latex sample the diffusion coefficient of the complex can be written as 
DMS, since all the (different) surface groups are on latex particles with identical 
mobilities. The diffusion coefficient of the free metal ion, DM, is much larger than DMS 
and Ds. The diffusion coefficient of the ligand equals that of the latex particle and the effect 
of bound metal ions on the mobility of the particles can be neglected. The corresponding 
value of the metal ligand complex DMS can be estimated using the Stokes-Einstein equation 
(5 ) [8 ] : 
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Ds = DMS = TT- (5) 
where ri is the viscosity of the solution, a is the radius of the particle, k is Boltzmann's 
constant and T is temperature (Kelvin). 
As implicitly expressed by equation (4a), there is the requirement of a large excess of 
ligand over metal. This is not a restriction demanded for lability, but for the applicability 
of equation (10). In our further calculations we use the total concentration of surface 
groups (cs), and only consider cases where there is an excess of groups by calculating the 
total number of surface groups using the smallest fraction found. 
The limiting current l|jm of a labile system, which corresponds linearly with the flux of 
metal ions to the electrode, is purely diffusion controlled and related to the pulse time t 
[1]: 
'lim-t-Vz (6) 
Expressing l|lm versus t - » 2 (Cottrell plot) should result in a line with a positive slope 
through the origin. The Cottrell plot allows us to discriminate between labile and inert 
metal/particle complexes. In the intermediate case (quasi-dynamic regime) the Cottrell 
plot is not linear [9]. For labile complexes there is a negative shift of the characteristic 
potential which is independent of time, whereas for inert complexes there is no such shift 
[3]. Non-labile and quasi-labile complexes show a larger negative potential shift with 
increasing time. We can also use the normalized limiting current as a function of time to 
distinguish between types of complexes: 
. _ 'lim (with ligand) ,-,-. 
'lim (without ligand) 
Labile and inert complexes show a <|> which is constant with the time and a non-labile 
complex gives a <ji increasing with time. 
As mentioned above, K, is the constant of complexation for a particular class of sites. In 
the presence of a large excess of every type of ligand Sr, we can substitute ^T [Sr] by 
[S~] and K, by K, which is related to a summation over the K,'s through: ' 
K = X ^ f f r (8a) 
HS. +sr 
with f; = X — ! -L « d = £ a d i S" = ]TS" MS = $>S . (8b,c,d,e) 
j HS + S i j ' j ' 
in accordance with the definition of K: 
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K = . [ M S ] 
[M][S-
(9) 
For a labile complex we can calculate K from <)> as follows: 
HD/DM)P 
1 + eK[S-] 
1 + K[S~] 
(10) 
where p is a mass transport parameter which has the value 1/2 for techniques such as 
normal pulse polarography (NPP) and differential pulse polarography (DPP) and which 
is effectively close to 2/3 for differential pulse anodic stripping voltammetry (DPASV). 
The mean diffusion coefficient D, which is a fraction-weighted average of the diffusion 
coefficients of the metal ions and its complexes, is defined as: 
D
 f f 
with fM -
M+rMS E 
[Ml 
[M] + [MS] 'MS 
[MS] 
[M] + [MS] 
(11) 
(12a,b) 
Another feature of labile behaviour is the occurrence of a potential shift AE, which can be 
related to K through the equation: 
nF 
RT 
• A E -In ' c P
P 
D, M J 
In 1 + K[S-] (13) 
Comparing equations (10) and (13) shows that the potential shift AE and the current 
response $ should be consistent with each other for given values of z and p: 
AE : 
RT 
nF 
e - $ 1/P 
£<]) • 
(14) 
This expression provides us with a simple formula to check the consistency of 
experimentally obtained AE and <|> values. The value of e is usually obtained using a 
combination of equations (5) , (10) and (11), under the condition of an extremely 
small [M]/[MS. ] ratio: 
[M] -> 0 : l —> E h (15a) 
Note that for our systems, where DM/DMS is of the order of 102 to 103 , applicability of 
(15a) requires the restrictive condition of very large excess of complexed over free 
metal species: 
[M] D M S ') (15b) 
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Complications 
Further possible complications with the metal/particle systems are adsorption of the 
particles onto the electrode and irreversibility of the metal ion reduction in the complex 
system. Adsorption of metal-particle complexes to the mercury electrode increases the 
voltammetric current with a contribution from the reduction of the metal ions originating 
from this adsorbed layer. As a result, a differential pulse polarogram gives an increased 
limiting current. A normal pulse polarogram shows a "peak" superimposed on the 
voltammetric wave but a decreased limiting current [10]. Hence, adsorption of such 
complexes obscures the checking of the lability condition of a purely diffusion-controlled 
current and masks possibly labile behaviour of the metal-particle complex. Further, 
reversibility of the metal ion reduction in the presence of the particles has to be checked. 
Cyclic voltammetry (CV) is a fast and useful method for this task. 
Material and Methods 
Chemicals 
Analytical-reagent grade chemicals were used unless indicated otherwise. Titrisol 
potassium hydroxide solutions (Merck) and Titrisol nitric acid solutions (Merck) were 
used for the (partial) neutralization of the acidic surface groups of latices in the 
voltammetric experiments. Cadmium(ll) nitrate, zinc(ll) nitrate and lead(ll) nitrate 
(Merck) were used in voltammetric experiments and potassium nitrate (Merck) was used 
as the supporting electrolyte in all experiments. To remove oxygen and carbon dioxide, 
dispersions were purged with N2 of purity grade 5.0, washed by leading the N2 through a 
solution of KOH 0.01 M. The water used was demineralized tap water and produced by 
Ultrapure Water System (Barnstead). After removing CO2, the conductivity never 
exceeded 0.6 uS/cm. 
Latices 
Latices were kindly provided by AKZO Corporate Research, Arnhem, The Netherlands. The 
polystyrene latex with carboxylic groups only is coded AKB20, the core-shell latices are 
coded A0Y5, AOY8, AOY20 and AOY22. The shell of the core-shell latices (AOY-types) 
consists of polymers which are synthesized using monomers of glycidyl methacrylate and 
sodium vinylsulphonate. The polymers are covalently bound on the polystyrene core. The 
shell is hydrophilic and permeable to ions and water. Sulphonic and carboxylic groups are 
present in and on the shell. The surface of the core-shell latices is completely covered by 
the polymers. The thickness of the shell varies from one latex to another; for each type of 
latex it is constant within the range of 1 nm. The surface of the polystyrene core contains 
some sulphonic groups, as a result of the presence of the initiator K2S2O8 used for the 
polymerization reaction of styrene. The latices were brought into the acidic form 
following the procedure described in Chapter I. 
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Voltammetric measurements 
Voltammetry was performed using a Static Mercury Drop Electrode (SMDE, Metrohm) as 
the working electrode, a glassy carbon rod as the counter electrode and an Ag/AgCI, 3M KCl 
electrode as the reference electrode. This reference electrode has a potential of +222.5 
mV. All potentials are referred to this reference electrode. The cell unit (Metrohm, 663 
VA Stand) is connected to a polarograph (Autolab, Ecochemie) which is controlled by a 
personal computer (Laser 386SX/2E). A polystyrene vessel (home made) containing the 
latex dispersion was thermostatted at 20°C (±0.5°C). Two Dosimats 665 were connected 
to the measuring vessel using anti-diffusion tips for automatic or manual addition of 0.01 
M potassium hydroxide and/or 0.01 M Cd(N03)2- The pH was measured using a Knick 
multi-calimatic "Microprozessor" pH-meter and an Ingold U-402 M6S7 pH-electrode. 
Before measuring, the sample was purged with nitrogen during 15 minutes to be 
deaerated. The N2 was humidified to prevent evaporation of solvent from the sample by 
passing it through demineralized water. To remove traces of CO2, the N2 was passed 
through 0.01 M of KOH, just before entering the measuring cell. For NPP, RPP, DPP and 
DPASV, the pulse amplitude and pulse duration were 50 mV and 20-160 ms, respectively. 
Scan rates of 2 mV/s were used in Polarographie methods and 10 mV/s in DPASV. For 
DPASV, the deposition potential was -1 200 mV for cadmium(ll) and zinc(ll) and -600 
mV for lead(ll). The deposition time was varied from 30 s to 2 min. 
Cot treil plots 
25 ml of a dispersion of about 1% w/w latex in 0.01 M KNO3 and 1.10"5 M of metal ions 
(zinc- or lead- or cadmium nitrate) was purged with nitrogen for at least half an hour 
before 0.010 M KOH was added to reach a pH of about 7. After 1 5 minutes of purging, 
NPP, RPP and DPP measurements were made. For each latex, each metal ion and each 
voltammetric technique, five pulse times were considered: 40, 50, 75, 100 and 150 ms. 
The solution was thermostatted at 20°C ± 0.2°C. The experiments were repeated for 
another metal ion concentration: 2.10"6 M using DPP and DPASV, to check whether log K 
is independent of the metal-to-ligand ratio and whether DPASV gives results similar to 
the other techniques. The ligand concentration was kept constant and always in big excess 
over the metal ion concentrations. Cottrell plots were constructed as described in the 
Theoretical section. Linear regression was calculated for each plot (5 points) and 
correlation coefficients were calculated. For both the potential shift AE and the normalized 
current decrease <)>, log K was calculated to check consistency. The diffusion coefficient 
ratio E is calculated using equation (6b) in combination with equation (14). The diffusion 
coefficients (DM) were measured as 7.2 10"10 m2/s for cadmium(ll) and zinc(ll), and 
9.8 10"10 m2/s for lead(ll), respectively. 
Variation of the pre-electrolysis time 
For DPASV, also the pre-electrolysis times were varied: 30, 45, 60, 90 and 1 20 s. The 
linearity of the deposition time with the faradaic current was checked by calculating a 
correlation coefficient with linear regression. Linear regression was calculated for each 
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plot (5 points) and correlation coefficients were calculated. For both the potential shift AE 
and the normalized current decrease <|>, log K was calculated to check consistency. 
Reversibility 
The reversibility of the metal ion reduction in the complex system was investigated for 
the AOY-types and the AKB20 latex using cyclic voltammetry. Scan rates of 0.005, 0.01, 
0.02, 0.05, 0.1 and 0.2 V/s were used. 
Adsorption of latex on the mercury electrode 
Since the latex itself is electroinactive, the adsorption of latex to the mercury electrode 
cannot be studied directly from faradaic currents, as e.g. obtained by normal pulse 
polarography (NPP). Addition of metal ions which are labilely bound by the surface 
groups of latex, may reveal possible adsorption of latex via induced metal adsorption [10]. 
Experimentally, adsorption shows up by a peak superimposed on the voltammetric wave 
obtained by NPP. This peak is caused by the contribution of metal ions from the adsorbed 
latex and it is most evident with a combination of a relatively long drop time and a short 
pulse time, in a system with a large excess of ligand. A long drop time gives the latex time 
to adsorb onto the mercury electrode and a short pulse time prevents the adsorption layer 
to be depleted (stripped) of metal ions, before the actual time of measuring. 
Particle concentration variation experiments with Cd(ll), Zn(ll) and Pb(ll) with latex 
AOY5 
25 ml of latex AOY5 was titrated with KOH 0.10 M until a pH of 7.0, corresponding to a 
degree of neutralization of 0.7. This solution was used as the titrant. A 25 ml solution of 
2. 10"6 M Cd(ll) and 0.01 M KNO3 was prepared and purged for 15 minutes with 
nitrogen. After each addition the dispersion was equilibrated for 10 minutes, under 
continuous flow of nitrogen. <|> and AE values were obtained using DPP. Similar 
experiments were done for zinc(ll). For lead(ll), a dispersion of latex was prepared with 
a pH of 6.0, corresponding to a degree of neutralization of 0.5, and used as the titrant. The 
curves are fitted with the ENZFITTER program [11] using fixed values of p and e. The 
value of p is 1/2 for DPP and 2/3 for DPASV, e is 3.18 10"6 for latex A0Y5. 
Results and Discussion 
Adsorption 
In all NPP experiments, adsorption peaks are absent for the time window used. 
Cyclic voltammetry 
Figure 1 shows some cyclic voltammetric results for zinc(ll) and cadmium(ll) in latex 
AOY8. Cyclic voltammetry (CV) in the range of scan rates 0.005-0.1 V/s yields normally 
shaped signals for all the AOY-systems. The peaks in Figure 1 are caused by the reduction 
(negative current) and reoxidation (positive current) of cadmium (-0.5—0.6 V vs 
Ag/AgCI) and zinc (-0.9--1.0 V vs Ag/AgCI). The latex is electrochemically inactive. 
32 
Furthermore, the difference between the cathodic and anodic peak potentials was 
independent of the scan rate and inside the range 36-42 (±3) mV, in agreement with the 
value measured for the blank metal ions (39 (±3) mV) in all systems. For AKB20, cyclic 
voltammetry produces similar results at pH 5.5 and 6.0 for zinc and cadmium, i.e. 
normally shaped signals and differences between peak potentials independent of the scan 
rate and coincident with the values obtained for the blank of the metal ion. Hence, we can 
conclude that the metal latex systems are perfectly reversible and a suitable model system 
for examining metal-ligand interactions. 
i/nA 
Figure 1. A series of cyclic voltammograms for latex AOY8. Scan rates: 
0.005, 0.01, 0.02, 0.05 and 0.1 V/s, corresponding to voltammograms in the 
order from small to large. Metal ions present: zinc(ll), cadmium(ll) each 
1. 10"5 M. The pH was 6.41 and the degree of dissociation 0.68. Total 
concentration of surface groups: 3. 10"4 M. The concentration of potassium 
nitrate was 0.01 M. 
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Lability 
The correlation coefficients shown in all Tables were taken from the regression lines of 
the limiting or peak currents in the Cottrell plots ( l|im or lp e a k versus r »2 ) at a degree of 
dissociation for which there was a big excess of surface sites over metal ions, as described 
in the section Materials and Methods. 
60 j 
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Figure 2 . Cottrell plot for latex A0Y20 obtained by Differential Pulse 
Polarography. Metal ion present: cadmium(ll) 1. 10 - 5 M. The concentration of 
potassium nitrate was 0.01 M. The total concentration of surface groups: 
3. 10"4 M. The pH was 6.14 and the degree of dissociation 0.68. 
This regression line is drawn as y=ax, i.e. the intercept is forced to be zero. The 
experimental error for the normalized current $ is ± 0.005. The peak shift AE was 
determined as the average Epeak of the sample referred to the average Epeak of the blank. 
The experimental error in AE was ± 2mV. For NPP and RPP the half wave shift AEwas 
computed as E1 /2 (sample)-E1 / 2 (b lank) . K was calculated using AE and the normalized 
current^ according to equations (9) and (12). Equations (6, 7, 8) from Chapter II were 
used for calculating the concentrations of the complexing ligands. 
Lability of metal complexes with core-shell latices 
For all three metal ions, the shapes of the voltammetric signals are regular for all 
Polarographie techniques used (NPP, DPP and RPP). These experiments were performed 
with 1. 10"5 M of metal ions. 
A general increase of baselines is observed in the presence of latex. The half width of the 
DPP peaks was between 63 and 68 mV, coincident with the half width of the blanks (64±2 
mV). The ^-values and the AE-values are consistent for all techniques and independent of 
the pulse time (Tables la-d) . Within the experimental error, the log K values obtained 
from the normalized current $ are similar to those obtained from AE. The Cottrell plots 
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show a linear dependence of the limiting or peak current l|im or lpeakon * f ° r t n e 
voltammetric techniques NPP, DPP and RPP. The correlation coefficients are good for all 
techniques. Neither § nor AE is dependent on t. This allows the conclusion that complexes of 
the AOY-types with Cd, Pb and Zn are labile. The system Pb/AOY20 required a pH of 7 to 
ensure an excess of carboxylic groups over metal ions. At this pH hydroxyl-complex 
formation of Pb sets in. The difference in the K values obtained for AOY5, 8, and 20 can be 
explained qualitatively in terms of the different ratios between the amounts of sulphonic 
and carboxylic groups. The ligand concentration and the degree of dissociation is more or 
less equal for all latices. A low fraction of carboxylate groups results in a lower K. 
However, AOY22 deviates from this trend. When K values are compared to the Ka values 
(data not shown), the values of AOY-types show the same trend. 
DPP and DPASV measurements were performed at a concentration level of 2. 10"6 M of 
cadmium(ll), zinc(ll) and lead(ll) and an equal concentration of ligand. The signal-to-
noise ratio was too low to use the techniques NPP and RPP. For AKB20, the $ and AE values 
obtained from all voltammetric techniques were not reliable due to a low signal-to-noise 
ratio. Hence, the results at lower metal concentration level are shown for the AOY-types 
only (Tables 2a-d). DPP at a level of 2. 10"6 M of cadmium gives good results for latices 
AOY8, 20 and 22. The correlation coefficient for latex A0Y5 is less satisfactory, perhaps 
due to the low signal-to-noise ratio or to a minority of strong complexing groups. 
According to the finite potential shift AE, A0Y20 appears to bind zinc, although ty is 
approximately unity. For cadmium(ll), this problem was absent, although K((|>) is 
slightly lower than K(AE). In DPASV experiments, the current is linear with pre-
electrolysis time and with r1/2. Log K values obtained from $ are lower than the ones 
obtained from AE. In the case of zinc and cadmium, this may be due to hydroxyl-complex 
formation caused by reduction of protons, which occurs at or below a potential of roughly 
-1 V. After pre-electrolysis, metal ions are returned into the environment of the 
electrode, where the solution has become more alkaline than in the bulk. As a consequence 
of this, metal-hydroxyl complexes may be formed, leading to a potential shift higher than 
expected from complexation by surface groups of latex. For lead(ll), the pre-electrolysis 
potential was much less negative: -0.7 V. At this potential or higher, proton reduction 
does not occur and hence such a local pH effect is absent. Further research on the 
optimization of DPASV measurements for these systems has been performed by Diaz Cruz 
[13]. 
Comparison of the results for different concentrations of the metal ions shows that log K 
values are slightly higher at the low metal concentration level of 2.0 10"6 M. This means 
that, although the carboxylic groups are in excess, log K is dependent on the metal-to-
ligand ratio. This might be due to some heterogeneity in site distribution or impurities in 
the shell of the latex. In Chapter IV we performed metal to ligand titrations to study this 
effect more intensively. From DPP and DPASV experiments we can conclude that the AOY-
type latices show labile metal binding behaviour. 
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Lability of metal complexes with core only latex AKB20 
For zinc(ll) and cadmium(ll) and at a pH of 5.5 and 6.0, all techniques gave consistent 
results for the normalized current <)> and AE. The half width of the DPP peaks is always 
between 65 and 67 mV, which is similar to that for the blank (64±2 mV). The correlation 
coefficient is close to 1 for all techniques. This confirms that the behaviour is labile. At 
higher pH values, 6.3 and 6.7, NPP, RPP and CV are not reliable (due to a low signal-to-
noise ratio). DPP is still possible, giving results in half width of peaks between 65 and 
67 mV. Cottrell plots start to diverge from linearity with increasing pulse time. The 
normalized current $ should be constant with increasing pulse time, but <|> decreases 
(Figure 3). This effect is stronger for Cd than for Zn. The<(> values are distinctly lower 
than those expected for the labile case. In the case of Cd, $ also decreases with increasing 
pH to values lower than the calculated limiting value. Thus, the system seems to lose 
lability at increasing pH. For lead(ll) at pH 5.4 and 6.0, NPP and RPP showed a 
signal/noise ratio too low to allow accurate computations. For DPP at pH 5.4 and 6.0, § is 
very close to or lower than the calculated limiting value. This suggests loss of lability, 
although $ seems independent of the pulse time. 
0.20 T 
0.15 --
•e- 0.10 -• 
0.05 --
Zinc 
Cadmium 
0 1 2 3 4 5 6 
r 1 / 2 [s-1/2] 
Figure 3. A plot of the normalized current $ versus t~1/2 for latex AKB20 
with 1. 10"5 M Cd(ll), Zn(ll) at pH of 6.8 and a degree of dissociation of 0.7. 
For more details about this measurement see Table 3. 
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Calculation of lability of lead-carboxylate complex 
Besides performing Cottrell-type experiments, we can also calculate lability of 
complexes. We do this using the most rigourous lability criterion [1], also explained in 
the theoretical section of this chapter. First we need the rate constants for dissociation and 
association. The rates of complexation reactions of metal ions are believed to be 
determined by the rate of removal of a water molecule from the inner hydration shell of 
the hydrated metal ion. More in detail, the mechanism generally accepted for metal 
complex formation is: 
M(H20)2++S-—f^JM(H20)nS+J (fast) (16a) 
with K*=k f /k r (16b) 
JM(H20)nS+l is an activated complex in which the inner hydration sphere is still intact. 
Subsequently we have: 
M(H20)nS+} k - w )MS(H20)+_1 + H20 (slow) (17) 
The qualification "slow" is used as "rate determining". The rate r of reaction (17) can be 
written as: 
* 
r = k_w[JM(H20)nS+} ] (18a) 
which using equilibrium (16a) leads to: 
r = k_wK*[M(H20)2+][S-] (18b) 
The product k_wK* is identical with the effective association rate constant in the overall 
reaction: 
M(H20)2+ + S- > MS(H2Q)+ 1 + H2Q (19) 
This, in fact, is the ka used before. Values for ka are available, mostly measured by Eigen 
et al. [12] using NMR relaxation techniques. For Cu(ll) and Cd(ll) characteristic rate 
constants for H2O substitution (k_w) are approximately 3. 10+8 s -1 and for Zn(ll) 
roughly 3. 10+7 s_1. The value of k_w for Pb2+ is extremely high, almost 10+10s_1. K* 
mainly depends on the charges of the species involved; for a divalent metal ion and a 
monovalent ligand (the +2, -1 case), its value is nearly 10"1 M_1. So for Pb2+ we have: 
ka = k_wK*+2_ l )=10 l0.10^ l=109 M-V1 (20) 
The stability constant K for the Pb2+/PS-C0CT associate is of the order of 106 M_1, where 
Kis: 
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|/ _ l"pboundJ (21) 
"[Pb f ree][coo-ee] 
Let us persue the lability estimations for the case of a ligand concentration of 10~4 M. 
First we check the dynamic character of the complexation equilibrium. The pertinent 
condition is: 
kat, kdt » 1 (Theoretical section, equation (3a)) 
where ka is ka[S~] for the situation of a large excess of sites over metal. 
The present case yields, for t = 10_1s : 
ka[S"]t = 104 kd(= ka/K) = 10 3 -^k d t = 102 
So (3a) is satisfied, i.e. the Pb2+/PS-COO~ equilibrium is dynamic on the time scale of 
0.1 s. Next there is the voltammetric lability condition, again for a time scale of 0.1 s. 
The rigorous condition reads: 
k l / 2 e - l / 2 ( £ - 1 + K , ) 
At1/2 = -^ , 11/2 >> 1 (Theoretical section, equation (3b)) 
K'(1 + K')1/2 
where K' = K[S"] ( = 102 for our case) and E = DML/DM ( - 1 0 - 3 for the PS system). 
Writing all the values into (3b) yields: 
At1/2 =3. 102 
So, condition (3b) is very well satisfied. For e increasing, the lability parameter 
decreases. If K goes up, for example to 107 M"1, with all other parameters remaining the 
same, kd goes down to 102 s"1. Then (3a) is stil satisfied (dynamic case) and (3b) gives 
( K ' ^ O ^ - I O 1 . So it is still just labile. For K = 108 M"1 (kd = 1 0 V ; K' = 104), kdt = 1 
and (3b) gives: 10"1'2. So then lability is lost and even dynamics are lost. 
For Cd2+ and Zn2+, the values for ka are about two orders of magnitude lower than for 
Pb2+. On the other hand, the stabilities K are lower for these ions. From a lability point 
of view, these two effects compensate each other. Therefore, for a given complexing 
system, the labilities for Pb2+ , Cd2+ and Zn2+are comparable. 
For our latex systems it is difficult to compare the labilities of Pb(ll) with Zn(ll) and 
Cd(ll), because the experimental conditions are different for these metals. Pb(ll) has the 
property to form hydroxyl complexes at higher pH. Thus, instead of comparing these 
metals in exactly identical circumstances, we can only compare them for more or less 
equal K. As calculated above, lead(ll) is labile in comparable situations where 
cadmium(ll) is labile, when they have the same stability constant. The same stability 
constants for lead and cadmium are obtained when the complexation experiment with 
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lead(ll) is performed at lower pH and with cadmium(ll) at a higher pH. In Tables la-c 
and 2a-c we see that both lead complexation and cadmium complexation are labile when 
their stability constants are equal. From Table 3 we see that the lead-AKB20 complex 
loses lability at pH 5.4, where cadmium- and zinc complexes seem to behave labilely. For 
higher pH (6.7), the stability constants reach the ones of lead at pH 5.4 (although the 
validity of the equations to calculate K is more limited in this situation), and also 
cadmium and zinc lose lability indeed. 
Particle concentration variation experiments with Cd(ll), Zn(ll) and Pb(ll) with latex 
AOY5 
To check whether the ligand concentration influences the stability constants, we 
performed voltammetry in experiments where a dispersion of latex A0Y5 was added 
stepwise to a solution of metal ions. The A0Y5 latex was partially neutralized with KOH. 
DPP scans were obtained for a solution containing both Cd and Zn. Figure 4 shows the $ 
versus [S~] plot. 
1.0 
0.9 
0.8 
0.7 
0.6 
^ 0.5 
0.4 
0.3 
0.2 
0.1 
0 -I 1 h 
0.5 TO"4 1.0 10"4 1.5 10"4 2.0 10"4 
(M) 
Figure 4. Additions of latex A0Y5 to a solution containing 0.01 M KNO3, 
1. 10"5 or 2. 10"6 M of zinc(ll) and cadmium(ll). The degree of dissociation 
of the latex A0Y5 was 0.70 and the pH was 6.9. For a solution of 1. 10"5 M 
lead(ll), the latex had a pH of 5.8 and a degree of dissociation of 0.50. 
In all cases, the shape of the $ vs. [S~] curve is in reasonable agreement with that 
theoretically expected. Using the program ENZFITTER with fixed e and p values, the fit of 
equation (10) yields satisfactory results, as shown by Figure 4, with reliable values for 
the overall constant of complexation K (Table 4). In titrations using DPP, the curves for 
which 1 + K S" is plotted versus [S~], are linear, as expected (Figure 5). Analysis 
according to equation (13) using both <|> and AE, yields K values, hardly different from 
those obtained by current measurements (Table 4). 
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co 6 
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2 -• 
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0 
Zn 
Cd 
Pb 
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5. 10- 4 1. 10"4 2. 10"4 
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Figure 5. 1 + K[S~] plotted for the t i t rat ion of a solution containing 
cadmium(ll) or zinc(ll), each at a concentration of 1. 10"5 M and 0.01 M 
KNO3. <(> and AE were used in equation (13). Additions of latex to a solution 
containing 0.01 M KNO3, 1. 10"5 M of zinc(ll) and cadmium(ll) with latex 
A0Y5. The dissociation degree of the latex A0Y5 to be added was 0.70 and the pH 
was 6.9, except for the solution of 1. 10~5 M Pb(ll) where the dissociation 
degree of the latex was 0.50 and the pH 5.8. 
Table 4. Log K values obtained from 0 and AE for zinc(ll) and cadmium(ll) using latex 
A0Y5, with a degree of dissociation of 0.70, pH 6.9. The voltammetric technique used is 
DPP. For lead(ll), the latex had a degree of dissociation of 0.50 and pH of 5.8. 
System log K (4>) log K (AE,(j)) 
Zn 1. KT5 , DPP 
Cd 1. KT5 , DPP 
Pb 1. IP ' 5 , DPP 
3.69 (±0.02) 3.83 (±0.08) 
4.13 (±0.04) 4.16 (±0.05) 
4.50 (±0.03) 4.66 (±0.09) 
In general, the overall constant of complexation K is consistent for $ and AE and is 
independent of the concentration of ligand and the systems can be described using equation 
(13). 
Conclusions 
All core-shell latices studied with voltammetry show the formation of labile zinc(ll) and 
cadmium(ll) ion complexes at a metal concentration of 1. 10"5 M in the time scale of pulse 
voltammetry. The application of the model of de Jong et al. [1] for dissolved complexes 
appears useful for the analysis of the binding of metal ions by colloidal particles. At a 
concentration of 2. 10"6 M of metal ions (and a higher ligand to metal ratio), the surface 
complexes formed are, as expected, still labile, although log K values were slightly larger 
compared to the 1. 10"5 level. Hence, the K values seem to be somewhat dependent on the 
metal-to-ligand ratio, even in the case where the concentration of carboxylic groups is in 
excess. Perhaps these carboxylic groups are clustered, resulting in different affinities for 
metal ions. Hence, the surface groups with the higher affinity are filled first with metal 
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ions. Furthermore, log K values obtained from <|> start to diverge from those obtained from 
AE, the log K values from AE being larger [13]. 
Voltammetry with AKB20/Zn,Cd,Pb systems at the 1. 10"5 M level shows formation of 
labile metal ion complexes at low degree of dissociation. At higher degree of dissociation, <|> 
values become smaller than the calculated limiting value. Lability seems to be lost at high 
degree of dissociation. Perhaps this is due to the growing surface potential and the 
concomitant increase of the binding strength. For cadmium, this effect was noticed at a 
lower pH than for zinc and it was stronger than for zinc. For lead, hydroxyl complexation 
occurs at a pH higher than 6.0. This prevents further study about this point, but we may 
expect that the behaviour of the AKB20/Pb system will lose lability with increasing 
degree of dissociation. In conclusion, it appears that an increase in charge density results 
in loss of lability. The calculation of the kinetics of the lead-carboxylate complexes using 
the lability criterion of de Jong et al. shows that these complexes are marginally labile. 
The values of the overall complexation constants (K) suggest, as expected, that the 
sulphonic groups bind heavy metal ions, but less strongly than the carboxylic groups. 
They also indicate that K increases with increasing degree of dissociation, which is most 
likely due to polyelectrolytic effects. A detailed analysis of these effects will be presented 
in Chapter V. 
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Chapter IV 
Voltammetric metal titration of particle dispersions 
Abstract 
Characterization of surface groups by voltammetric titration is more complex than often 
assumed. This chapter deals with some of the methodological pitfalls which can be easily 
overlooked. Further, we estimated the amount of cadmium complexing surface groups of 
some latices. The comparison with the amount of groups found by conductometry and 
potentiometry yielded that the amount of cadmium complexing groups was always lower 
for both carboxylic and sulphonic groups. We also observed that the lower the fraction of 
carboxylic groups, the lower the ratio between the number of cadmium(ll)-complexing 
groups and the total number of deprotonated groups. 
Introduction 
Several types of voltammetric metal titration have been applied to natural samples 
containing particles in which the metal ions may be bound. The analysis of such titration 
curves is not an obvious matter, and the same is true for dissolved metal complexes [1 ] . 
For instance, in the case of metal/organic matter complexes, there are a number of 
complications which affect the relationship between the measured voltammetric current 
and the metal speciation in solution. A primary complicating factor is the difference 
between the diffusion coefficients of the free metal and the complex species. The work by 
de Jong et al. [2, 3, 4] has dealt with this problem, especially for the case of a large 
excess of ligand over metal. In analyzing and interpreting titration curves however, the 
metal-to-ligand ratio changes and this means that the electrochemical lability changes as 
well. Thus, homogeneous kinetics may be important in one part of the curve, but 
essentially immaterial in another. Likewise, a mean diffusion coefficient D may be 
operational for only a part of a titration curve. These features lead us to consider the 
changes of kinetics and the validity of D in the course of a titration. On the basis of the 
developed method, we will analyze a number of metal/latex titrations. In this investigation 
we determine the metal binding capacities and affinities of surface groups of a model 
system, i.e. some latices, using differential pulse polarography. The latices are core-shell 
latices (coded as AOY-types) and a polystyrene latex without such a shell (coded as 
AKB20). For details about these latices we refer to Chapters I and II. The results in terms 
of metal-binding affinities and capacities will be compared to those from the 
Potentiometrie and conductometric characteristics. 
Theory 
In the electroanalytical practice of metal complex systems, one may meet different 
conditions with respect to the metal-to-ligand ratio, titration sequence, etc. In the case of 
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environmental samples, it is common practice to titrate the ligand with metal, or to study 
the system at a few discrete metal-to-ligand ratios, realized by the addition of metal 
nitrate. We shall mainly base our considerations on the case where metal-binding sites S 
are titrated with the electroactive metal ion M, forming the electroinactive complex MS 
(charges are omitted for clarity): 
M + s ; >MS ( I ) 
The rate constants ka (surface complex formation) and kd (surface complex dissociation) 
are related to the stability constant K, via ka /kd =K. Alternatively, in the case of a 
surface complex, the stability could be formulated in terms of an adsorption coefficient. 
Although our treatment is valid for any combination of values for the diffusion coefficients 
DM and DMS, the typical situation for M/particle systems is that DMS(» D S )«D M . 
Regression line C 
Metal added 
Figure 1 . Typical shape of a voltammetric titration curve (The slope of the 
onset of the curve may also be zero). Three different regimes (A, B and C) are 
distinguished. Existing extrapolation procedures for finding an equivalence 
point include intersection with the axis (b) and intersection of double 
extrapolation (a). 
In general, a voltammetric titration curve has a shape as outlined in Figure 1. In 
comparison with the blank, we see a reduced slope in the initial part of the curve (region 
A), an increase in the slope in the intermediate region around the equivalence point 
(region B) and finally an approach to the slope of the blank at a sufficiently high excess of 
metal (region C). This is a general shape and it is not characteristic for a specific type of 
complex. As we shall see, a number of different chemical/electrochemical conditions may 
lead to the same appearance of a titration curve. These conditions will be considered for 
the different stages A, B and C. 
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Reaion A. large excess of sites 
General 
In the region of low metal-to-site ratios, the site concentration is approximately 
constant. Then the complexation reaction can be considered as quasi-monomolecular: 
Kcs = K' = ka /kd = cMS/cM (2) 
where ka = kacs. The chemical kinetic constants kg and kd are key parameters since the 
voltammetric experiment is of a dynamic nature. For a metal-complex system, containing 
different metal species with unequal diffusion coefficients, the ensuing criterion for 
voltammetric lability has been formulated on the basis of a rigorous theory [3, 4 ] . For a 
dynamic system, i.e. with kat, k d t » 1 , it says: 
AtVz » 1 (3a) 
with A t V 2 = i Ä = J — — £ — t * ande = DMS/DM (3b,c) 
Jkin K (1 + K. )' 
The system is labile, when the lability criterion (equation (3a)) is obeyed. A labile 
system is featured by: <t>(t)=constant and AE(t)=constant. For a non-labile system, the 
lability criterion is A t ^ 2 « 1 and both <|>(t) and AE(t) are proportional to t1'2. $ is the 
normalized current and AE the shift of the peak potential (Chapter III). The derivation of 
equation (3b) is based on comparing the flux due to the production of free metal from 
dissociation of the complex (4 j n ) with the flux for semi-infinite linear diffusional 
transport to the electrode surface ( Jdjf). For other experimental conditions, e.g. in the 
case of DPASV with stirring, we arrive at analogous (but more approximate) expressions. 
These are essentially generalizations of the Davison criterion [5] for lability, where, in 
the present case of unequal diffusion coefficients, the diffusion layer thickness 5 is a 
function of DMS. The functionality is of the type D" , with a normally between 1/3 and V2, 
depending on the convective conditions [6] . Equation (3a) shows that metal complexes are 
only labile for certain ranges of values of (a) the rate constants for 
association/dissociation of the complex, (b) the diffusion coefficients of the metal complex 
and the free metal, and (c) the time scale of the dynamic experiment. Similarly, in 
stripping voltammetric experiments, convective parameters such as stirring rate or 
rotation speed (not electrolysis duration!) determine the effective time scale. 
Inert or static complexes 
In contrast to the dynamic case, an inert or static complex is determined by very low rate 
constants: kat, kdt << 1. The current density directly reflects the concentration of free 
metal in solution, irrespective of whether the complexation reaction is at equilibrium or 
not: 
<t.(t) = c*/c! r = (1 + K')-1 (4) 
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•(t) = 7ikHt 
with c = c , + c.,„, all in the dimensions of volume concentrations. The initial slope of the 
T M MS 
titration curve is zero, unless the complex is relatively weak. However, the combination 
of a static but weak complex is not often found. Since the complex does not contribute to the 
current, there is no potential shift. 
Non-labile complexes 
The non-labile situation is dynamic, whereas the inert or static case is not. The 
voltammetric current for the non-labile case is given by: 
VK
 K'(1 + K') 
where (|>(t) is the normalized current expression, related to the current density j ( t ) by: 
j(t) = V 1 « ^ ) (6) 
For a titration experiment in which the concentration of metal is gradually increased, the 
behaviour of the current is complicated because K' is gradually decreasing, following the 
decrease of c*. For values of K' so large that K' » E"1 (implying that K' » 1, so that 
cT = c* ), equation (5) reduces to: 
T MS 
V/2 
£ (7) 
which corresponds to the classical expression for the so-called kinetic current density: 
^ ^ M S ^ ) 2 ( 8 ) 
The presence of c* in k'3 still complicates the resulting titration plot. The situation of a 
kinetically controlled current can be easily recognized with the aid of equations (5) to 
(8). The current j ( t ) is independent of the time (t) which means that it is insensitive to 
variation of the pulse time (in pulse polarography) or the stirring rate (in stripping 
voltammetry). This characteristic feature has been observed over and again [7, 8, 9, 10]. 
In contrast with this, the potential shifts towards more negative values with increasing 
time, thus allowing a straightforward experimental distinction between the static and 
labile cases [4] . 
Quasi-labile complexes 
In the intermediate regime between the non-labile and labile situations, the dynamic 
response is to some extent governed by the dissociation/association kinetics of the complex 
system. For a proper speciation analysis under these conditions, it is necessary to 
consider the complete time-scale dependence of the signal. This will be a cumbersome task 
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in the most general case, where we have both appreciable amounts of free metal ions (plus 
labile complexes, if any) and a kinetic contribution of such a magnitude that a 
concentration gradient for the quasi-labile complex has to be taken into account [7, 11 , 
12, 13] . For the present case of unequal diffusion coefficients ( E < 1 ) , the rigorous 
solution for the dynamic voltammetric response in the limiting current regime has been 
derived as [4] : 
( t ) = ( .k d t )^( E -UKQ3/ 2 / 2 
V
 K'(UK') 
where A is given by equation (3). The analysis of a titration curve for a system obeying 
equation (9) is extremely involved. The site concentration c* is contained in K' and A and 
it decreases upon addition of metal. Equation (9) shows that (|>(t) changes with c in a 
complicated way. There is a potential shift, depending on time in an intricate way. 
Labile complexes 
Electrochemically labile complexes are very common in environmental samples [14, 15]. 
Voltammetric speciation on the basis of analysis of currents is only possible by the grace 
of the difference between the diffusion coefficients of the labile complex and the free 
metal. The simultaneous diffusion of MS and M towards the electrode surface gives rise to a 
diffusion layer with a thickness that is intermediate between those for pure MS and pure 
M. It has been explained (Chapter III) that a mean diffusion coefficient D is operative 
[16, 17, 18]: 
D = % D M + % D M S (10) 
For the case of semi-infinite linear diffusion, the response of a labile system obeys the 
general proportionality: 
l~c* Vü (11) 
where I is the current. The physical significance of equation (10) is simply that any 
individual M, which diffuses towards the electrode surface, spends a fraction c* / c l o f the 
* / * M/ T 
time as free M and the complementary fraction c /c of the time as the complex MS. This 
constraint is only achieved if the number of conversions of M into MS and vice versa is 
much higher than unity, i.e. if the equilibrium is sufficiently dynamic. There is a shift in 
potential which is independent of the time. 
The significance of the mean diffusion coefficient D is well illustrated by the following 
calculation, showing that the total current is substantially higher than the sum of the 
individual currents for the free metal and complex. Correspondingly, the shift of the peak 
along the potential axis is a function of both c* /c* and DMS/DM. A decrease in DMS/DM 
51 
causes a decrease of the limiting current. Even for the limiting case DMS -> 0, cMS still 
contributes to the voltammetric response : 
l i m ( D M S - 0 > l V D H D M C M C T <12a> 
Thus a practically immobile particle, forming labile complexes, can contribute greatly to 
the current, thereby drastically modifying the measured signal. Physically, this is 
explained by the fact that inside the diffusion layer the complex produces free metal ions 
as a result of the adjustment of its concentration to the local free metal concentration. In 
the response of an inert system DMS is irrelevant: the current is proportional to c* J D . 
When we evaluate the sum of the separate currents for the free metal and complex, we find 
no contribution from cMS: 
The difference between (1 Za) and (1 2b) can become tremendous (the ratio is J c * / c * ) , 
expecially for stronger complexes with c* « c*. 
The different possibilities for the nature of the initial part of the titration curve are 
summarized in Table 1. Not all of the possibilities are equally likely to occur in practice, 
but they all may occur in principle. The implications for the correct evaluation of an 
equivalence point will be discussed later. Here we want to emphasize that for a distinction 
to be made between the different cases with intermediate slopes, additional information is 
required. In an electrochemical experiment there are tools to obtain this. The distinction 
between labile and inert is made on the basis of the potential characteristics, as explained 
before [5, 7]. 
Table 1 . Nature of initial slope of a voltammetric titration curve for different types of 
complex. 
Zero slope Inert, strong complex ( c* -> 0) 
Non-labile, strong complex (c* ->0 ) 
Intermediate slope Non-labile, weak complex ( c* * 0, any DMS) 
Quasi-labile complex (any DMS) 
Labile complex (DMS < DM) 
Reference slope (blank) Labile (DMc; = DM) 
It is important to note that in the course of a titration the lability of a given complex is not 
fixed. The site concentration, while still being in excess over the total metal 
concentration, decreases upon addition of metal. This means that k'3 and K' decrease as well 
and, according to criterion (3), the lability increases. Thus, upon going from region A to 
region B in a titration curve, the slope may increase for purely kinetic reasons. The 
practical consequences of the lability change are minor for the initial region A, since the 
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extent of change is small there. However, in region B the effect may become substantial, as 
we shall show below. 
Regions B and C. around and bevond the equivalence point 
Inert or static complexes 
The case of a complex that is inert in any stage of the titration is of course trivial. The 
voltammetric response always corresponds to the free metal in solution, irrespective of 
whether the complexation reaction is at equilibrium or not. With every addition of metal, 
less M is complexed, featured by an increasing slope in the titration curve. Eventually no 
more complexation takes place and the slope of the blank is reached. The equivalence point 
is always found as the intersection of the excess metal asymptote with the c*-axis, 
because eventually all sites are converted to the inert MS. 
Quasi-labile and non-labile complexes 
In the case of a dynamic situation and with the condition of excess sites no longer being 
fulfilled, we have to abandon the quasi-monomolecular scheme for the complexation 
reaction. Consequently, the lability criteria (as formulated by equation (3)) are no 
longer applicable. As already explained, the lability of a complex increases in the course 
of a titration. There is no explicit expression for the voltammetric response in the 
intermediate case of quasi-labile complexes, with all the participating species at 
comparable activity levels. Even numerical approaches to the problem are cumbersome, 
because of the many independent variables (in principle, seven: ka, kd, DMS, DM, t , 
c* c* ). As shown above, the lability of complexes increases in the course of the titration 
M MS 
with metal. Hence, the species which are quasi-labile in the initial stage, could very well 
become labile beyond the equivalence point. We evaluate this example for DMS<cDM. In 
region A the flux of metal ions resulting from dissociation of complexes is limited by both 
association/dissociation kinetics and diffusion. Hence, the extrapolation of region A yields 
a lower slope than the initial part of a titration curve for comparable, but labile 
complexes where the flux limitations are due to diffusion only. In region C (and B) the 
diffusion part dominates. Thus, in our example, the intersection of the extrapolation in 
region C with the extrapolation of region A gives an underestimate of the amount of metal 
complexed. The intersection with the c*-axis is also an underestimate of the real value. 
Hence, for the purpose of finding an accurate equivalence point, such a type of titration 
curve must be disregarded. The experimental recognition of this case is of course essential 
and the most adequate tool is the variation of the (effective) time-scale (or the stirring 
speed in a stripping experiment). 
Labile complexes 
A system that has been found to be labile in the initial part of the titration and which does 
not show special complications, will certainly be labile in regions B and C. This 
observation is especially useful for finding the correct equivalence point in a 
voltammetric titration curve. This case would seem to be relatively simple: extrapolate 
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from region A and region C. The equivalence point is given by the intersection of the two 
extrapolations. This is, indeed, basically true, but there is an essential change in going 
from region A to regions B and C. Let us consider the example represented by Figure 2. 
invalid regions 
calculated with c* JÖ^ + c*s JÖ^ 
Reference ,_ 
calculated with c* VD 
calculated with K=QQ and 
C M V ° M + C M S V D M S 
calculated with K=°° and c* vD 
e.p. Metal added 
Figure 2. Shapes of computed voltammetric titration curves in the case of 
the formation of a labile complex with K = 107 , c*=10~5M and 
DMS/DM = 0.02. The dashed parts indicate the regions where validity is lost. 
For comparison, the curves for K-»«», with c and DMS/DM as before, are 
included, one calculated using D»2c* the other using C*D},2 + c* D;2 . At 
'
 a
 T' a M M MS MS 
concentrations below the e.p., the two curves give the same result, since 
c* = 0 . All slopes reach the value of D^2 for c* M M M 
The values, selected for the parameters K, c* and DMS/DM « 1 are typically met in 
natural dispersions, e.g. for metal/humic acid complexes (19). Initially the titration 
curve is linear. In the case of not too strong complexes, the slope does not only depend on 
DMS, but also on K', c* and DM. This is connected with the fact that the (nearly constant) 
* * 
ratio between c and c is not small enough to suppress the final term on the right-hand 
side of equation (1 0). Hence, extrapolation of the initial part as a basic step in finding the 
equivalence point is not applicable in this case. Let us, before considering this aspect, 
examine the remaining part of the curve. If one continues to calculate the curve on the 
basis of the averaged diffusion coefficient D, one winds up with anomalous results beyond 
the equivalence point (Figure 2). For example, there are combinations of K, DMS and DM 
(by themselves not unreasonable) for which equation (10) generates slopes in region B/C 
higher than the reference value. As explained above, the lability of the complex MS 
increases on going from region A to region C, because kg decreases. However, this also 
means that in the course of a titration, especially beyond the equivalence point where the 
site concentration drops strongly, condition kat>>1 is no longer satisfied. This point is 
easily understood in terms of reaction scheme (1 ): for low cs, the association rate will be 
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low and it is no longer true that any M is frequently converted into MS while diffusing 
towards the electrode surface. The concentration profiles shown in Figure 3 illustrate this 
in terms of the equilibrium between M, S and MS. 
UMS 8M distance from electrode 
surface 
Figure 3. Schematized concentration profiles for a voltammetric titration 
experiment; labile complex, region C (well beyond the equivalence point), 
DMs « DM-
In the diffusion layer set up by M, the equilibrium condition requires only a minor 
adjustment of cMS. Under these circumstances, the complex MS (labile as it is) is left to 
develop its own diffusion layer. Thus we have two distinct diffusion layers, each with its 
own thickness 5M and <5MS, determined by the respective diffusion coefficients. For high 
c* /c* , this situation approaches the case of independent diffusion of the species MS and 
M
'
 M S
 i/? * i/? * * l= M. Thus the current becomes proportional to D;rc„ + D/fc... instead of to cTVD . These M M MS MS
 + i + T 
two equations correspond with two limiting cases: the first for c / c high and the latter 
* / * for c.,/c.„. low. According to this explanation, the slope of the titration curve 
M/ MC S 
asymptotically approaches the reference value (see Figure 2) without exceeding it. If one 
would use c!_\D in region C instead of 0?}c*. + Dj^c* „ , one would make an error of 
* 
c 
, D i i i D,Y~c, 
1/7 l V 7 / 1 / 7 M M (D" -Dv')d/(2D;, ). The quantitative theoretical basis for this point was provided M MS / M 
•
v
-  , 
MS MS' 
MS ^  '  v M 
by de Jong et al. [3 ] , who showed that equation (11) is only valid for labile systems 
It can be concluded that in the case of not-too-strong, labile complexes, the first problem 
is the evaluation of the equivalence point because of the complications in defining the 
ultimate slope beyond the equivalence point. Even less assessable is the quantitative 
interpretation of the initial part of the curve, leaving the analyst with an unknown 
overestimate of the contribution from the complex and hence with an overestimate of the 
equivalence point. The basic remedy for the problem would be to titrate metal ions with 
sites until $ does not decrease any further. Then cM is almost zero and K' greatly exceeds 
the value of one. Hence, we may write <|> = (K'"1 + e)1'2 . For eK' >> 1, (j> approaches e ' 2 . 
This means that a labile system never gives a 0 lower than e1'2. 
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Our findings concerning the determination of the equivalence point for a voltammetric 
titration curve are summarized in Table 2. The two extreme cases are clear and simple: 
with an inert complex one has to extrapolate to the c*-axis, whereas with a strong, labile 
complex one has to take the intersection point found by double extrapolation. For the 
different cases in between these two, the procedure becomes more complicated, if not 
hopeless. If the kinetic parameters can be established, a rigorous analysis is possible, 
using equation (9). However, this already involves a level of analysis that is not very 
common in daily titration practice. 
Table 2. Evaluation of the equivalence point in a voltammetric metal complex titration. 
Nature of the complex Procedure 
Inert Extrapolation to c*-axis (b in Figure 1 ) 
Quasi-labile None (existing extrapolation procedures all yield 
erroneous results) 
Labile: strong (Kc* » DM/DMS ) Intersection of double extrapolation (a in Figure 1 ) 
Labile: intermediate and weak Interpretation only possible if DMS is known 
(extrapolation procedures fail) 
Materials and Methods 
We performed two types of experiments: the first type is an 'overall' titration to obtain 
the total amount of surface groups as described above. The second type is carried out to 
examine region A more closely by keeping the metal to site ratio very low. Region A is 
limited by the signal to noise ratio at the onset of the curve and by the condition of excess 
of (all types of) sites at the higher concentration of metal. Within the range of excess 
studied, K is independent of the metal to site ratio. However, the polyfunctionality of the 
latex groups may lead to a certain range of cadmium(ll)-complexing values instead of one 
constant. This is caused by heterogeneity in surface group density, or by the presence of a 
minority of strongly adsorbing sites, which remained unnoticed by potentiometry/ 
conductometry. This complication may especially arise at extremely low metal to site 
ratios, as examined by Diaz et ai using stripping voltammetry [1 9, 20]. 
Further, we want to investigate the metal complexing ability of a core-shell latex 
containing sulphonic groups only. This latex is coded ARC24. We compare its result with 
the core-shell latices containing both sulphonic and carboxylic groups. The cadmium(ll) 
complexing ability of a latex with carboxylic groups only was also determined. In this way 
we can estimate to which extent the sulphonic groups play a role in the binding of metal. 
The latex is cleaned according to the procedure mentioned in the section Materials and 
Methods of Chapter II. This results in a latex in which there are only protons and no other 
counterions on the surface. From the amount of latex, its surface group density, the pH and 
the amount of potassium hydroxide added, the amount of charged surface groups can be 
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calculated by the equations given in Chapter II. The diffusion coefficient of the sites, i.e. 
the latex particle, is determined using the Stokes-Einstein equation (equation (5) Chapter 
III). Since Ds = DMS we can calculate the limiting value of <j> for a labile system ( e ' 2 ) . For 
a given (homodisperse) latex sample, e has a fixed value. 
Chemicals and latices 
The chemicals and the latices used are described in Chapters II and III. 
Titrations of latex with Cd(ll) 
Voltammetry measurements were performed using the equipment described in Chapter III. 
Two Dosimats 665 were connected to the measuring vessel using anti-diffusion tips for 
automatic or manual addition of 0.01 M potassium hydroxide and 0.01 M Cd(NC>3)2, 
respectively. Blanks were performed at the same pH as the titration of latex with metal 
ions. 
25 ml of a dispersion of about 1-2 % w/w latex in 0.01 M KNO3 was purged with nitrogen 
(purity grade 5.0) for at least half an hour before 0.010 M KOH was added to reach a pH 
of 7.5-8.5. After another 15 minutes purging, a DPP measurement was made and 
additions of cadmium started. The pulse time was 40 ms, the pulse height 25 mV. After 
each addition, 3 minutes of equilibration time was allowed before taking the DPP scan. The 
solution was thermostatted at 20 ± 0.2 °C. 
Treatment of data 
Regression lines with a slope equal to Ve (Region A) and a slope equal to the blank (Region 
C) were drawn in the titration curves of the core-shell latices, which have been shown to 
give labile Cd(ll)-complexes (Chapter III). The intersection of the two lines gives the 
equivalence point and, hence, the amount of cadmium adsorbed. The degree of dissociation 
is calculated using the pH of the solution and the amount of OH" added. The ratio v between 
the amount of cadmium(ll) adsorbed and the amount of deprotonated surface groups is 
given for each latex in Table 4. 
Results and Discussion 
Generally, the titration curves for ARC24, A0Y5 and AOY8 latices show regular 
behaviour, consistent with the global lability of the surface complexes involved. An 
example of such a titration curve is given in Figure 4. We observe that the titration 
curves reach the slope of the blank, albeit for quite an excess of cadmium. To find the 
cadmium bound in a labile complex, we should extrapolate from region A and extrapolate 
from region C. As shown by Figure 4, extrapolation using region A is not possible. We 
studied this region in more detail by performing separate experiments under excess of 
ligand. The behaviour of the peak potential is also regular. As expected, DPP peaks in 
region A and B shifted towards negative potentials compared to the blank. In region C the 
peak potential gradually returns to the blank value. 
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Figure 4. Titration of latex A0Y5 dispersion in 25 ml 0.01 M KNO3 with 
cadmium(ll). The pH was 7.67 and the degree of dissociation 0.95. 
Region A 
Since for complete titration curves it is difficult to draw a regression line through region 
A, we examined this region more closely by performing additional experiments in which 
more latex and a lower concentration of metal were used. In this way it is possible to see 
whether the complexes are labile, i.e. by checking that <(> > Ve and that there is a shift in 
the peak potential towards negative direction (AE). As explained in the Theoretical section, 
<|> and AE should be independent of the pulse time. This has been confirmed for all latices 
using different voltammetric techniques (Chapter III). All latices form labile complexes, 
except AKB20 at high pH (Chapter III). Further, from equation (10) (Chapter III) and 
equation (13) (Chapter III) log K($) and log K(AE) can be computed for labile 
complexes, providing a check of consistency. 
When titrations were performed at a pH of roughly 5, <|> and AEgave consistent K values 
for the core-shell latices A0Y5 and AOY8 (Table 3). The current at pH 5 was never lower 
than the minimum value for labile complexes. The titration of the core-shell latex ARC24 
was performed at pH 7.1 and this curve is similar to the ones of the core-shell latices 
with carboxylic groups at pH 5. K(AE) is consistent with K(<|>). The absence of carboxylic 
groups does not cause a complete lack of metal binding capacity. The complex shows labile 
metal binding behaviour in region A of the titration curve. At a pH of 7-8, the latices 
A0Y5 and A0Y8 show much higher binding constants than latex ARC24, due to the presence 
of carboxylic groups in the shell of the AOY-types. Further, consistency between K((t>) 
and K(AE) was less (Table 3) at a pH of 7-8. This problem has been discussed elsewhere 
[1 9, 20] . Additionally, the current was lower than the minimum value at the very onset 
of the curve for latex AOY5 (Figure 7). There, the accuracy of the DPP technique may be 
limited by the quite low metal concentration. Hence, we cannot draw hard conclusions from 
this part. It may be possible that the latices contain some strong binding groups, that are 
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not labile. Diaz came to a similar conclusion on the basis of DPASV measurements [19, 
20] . For latex A0Y8 this effect seems less pronounced (Figure 6), although that might 
have been caused by a lower pH, i.e. a lower degree of dissociation. For all core-shell 
latices, we see that <|> slightly increases with the cadmium added (the pH was kept constant 
by adding hydroxide). De Jong stated [4] that at very low metal to site ratio, <|> should be 
independent of the amount of metal added. Our results may be explained by impurities in 
the shell of the latices or by surface group heterogeneity (clusters of complexing groups, 
which complex cadmium(ll) stronger than non-clustered groups). The increase of <|> is 
stronger (for experiments) at higher pH. This may be due to a higher amount of charged 
clustered groups. The results of ARC24 suggest that some sulphonic groups may also be 
present as clusters. They still show labile cadmium(ll) complexation, whereas clusters of 
carboxylate groups seem to lose lability. This is presumably due to the lower complexing 
ability of sulphonic groups compared to carboxylate groups. 
Table 3. Results of voltammetric titrations of some latices under the condition of large 
excess of sites, c* is the concentration (deprotonated) complexing sites as derived from 
Potentiometrie and conductometric data. When two values ($, AE, K) are given, the first 
value is from the onset of the curve, where a minority of stronger complexing sites 
possibly plays a role, and the second is an 'overall' value. Values labeled with an A are 
subject to error due to questionable use of equations (10) and (13) of Chapter III: the 
complexes formed are probably not labile. 
Latex 
pH 
ad (=«n) 
* 
cs 
AE(V) 
<t> 
log K(AE) 
log K(<t>) 
ARC24 
7.110.1 
1.00 
2.3 10"4 
-0.002 
0.60 
0.80 
3.3 
3.3-3.8 
A0Y5 
8.210.2 
0.82 
5.0 10-4 
-0.024 
-0.016 
0.06 
0.12 
4.5 
5.7-5.1 
A0Y5 
4.710.01 
0.30 
1.8 1 0"4 
-0.001 
0.70 
0.92 
3.0 
2.9-3.1 
A0Y8 
7.0+0.1 
0.72 
3.7 10"4 
-0.007 
0.30 
0.40 
4.4-4.2 
4.2-4.0 
A0Y8 
5.010.01 
0.38 
2.0 1 0"4 
-0.001 
0.70 
0.99 
2.6-2.4 
2.6-2.4 
AKB20 
6.510.05 
0.10 
2.5 10"4 
-0.026 
-0.024 
0.03 
0.05 
5.7-5.3A 
-
AKB20 
6.1-5.7 
0.07 
1.7 1 0 '4 
-0.024 
-0.010 
0.15 
0.27 
5.5-4.4* 
5.9-5.0* 
Nevertheless, the amount of other-than-labile complexing groups is very low compared to 
the amount of labile groups in the core-shell latices (Figure 5). Therefore, we treated the 
titration results as described for completely labile complexes. 
In contrast to the results of the core-shell latices, the current measured for latex 
AKB20-complexes at pH 6.5 is lower than the minimum value for labile complexes 
(Figure 7). Only for a pH lower than 6.1, the current exceeds the minimum (Table 3). 
The complex formed with AKB20 certainly does not appear to be labile in region A, in 
correspondence with earlier findings (Chapter III) [19, 20] . DPP peaks for AKB20 
complexes gave a potential shift compared to the blank (Table 3 and also Chapter III). As 
explained in Chapter III, these complexes indeed are neither labile nor inert. 
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Figure 5. Voltammetric titration of latex A0Y5 in 0.01 M KNO3 with 
cadmium(ll) under the condition of excess of ligand. The pH was 8.210.2, the 
degree of dissociation 0.82. For more information about this titration and 
latex AOY5, see Tables 3 and 4 respectively, c is cadmium added, given as the 
total concentration of cadmium(ll) in dispersion. 
1— 
15 20 
c ; (HM) 
25 30 
Figure 6. Voltammetric titration of latex A0Y8 in 0.01 M KNO3 with 
cadmium(ll) under excess of ligand. The pH of the dispersion was 7.0+0.1 and 
the degree of dissociation 0.72. c* stands for the total concentration of 
cadmium(ll) in dispersion. More information about this titration can be found 
in Table 3. 
The results of latex AKB20 show a more or less linear increase of the current with 
increasing metal concentration at pH 6.5 (Figure 7). Since the current is lower than the 
minimum value, it is not possible to calculate K from $ using equation (10) from Chapter 
60 
Ill (Table 3). From equation (13) (Chapter III) a value for K can be computed, but the 
result is of doubtful meaning. Most likely, the values for both K(<]>) and K(AE) are 
erroneous. 
-25 T 
Figure 7. Voltammetric titration of latex AKB20, dispersed in 0.01 M KNO3 
with cadmium(ll) under excess of sites. The pH of the dispersion was 
6.5±0.05 and the degree of dissociation 0.10. c* is the concentration of total 
cadmium(ll) in dispersion. For details about this titration, see Table 3. 
Complete titration curves 
Titration measurements were performed at a pH of 8-8.5, which is the limit for 
determining cadmium(ll) with DPP. For all latices, the peak shifts towards a less negative 
potential when more metal ions are added. This is due to an increasing ratio of free over 
bound metal ions. No flocculation of latices was observed. 
For systems proven to be labile, we treated the results as described in the theoretical 
section. We drew a line with a slope equal to that of the blank multiplied by VE through 
region A, since this is the theoretical limiting value given a labile system. A regression 
line was drawn through the (large!) excess metal region C. The intercept of the two 
regression lines determines the amount of metal bound by the surface groups of the latex. 
These amounts are given for each latex in Table 4. Furthermore, Table 4 reflects the 
amount of deprotonated surface groups, determined using the amount of hydroxide added 
and the pH. 
The slope of the curve in region A of the metal titration of latex AKB20 appears almost 
equal to zero. This system is not labile, but quasi-labile or perhaps semi-dynamic. It may 
be labile in region C. Anyway, we took the intercept of the regression line drawn in Region 
C with the x-axis as an estimate of the minimum amount of metal bound (Table 4). To find 
the amount of cadmium complexed for a similar, but labile system, the amount of cadmium 
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complexée) given in Table 4 would have to be multiplied by (1 - e^2)"1, a factor which for 
this system is equal to 1.069. We are not stating that the "real" amount is necessarily 
somewhere between these two values, but it can be seen that e gives an indication of the 
error caused by incorrect treatment of the voltammetric titration results. For the present 
system, E is not too large, hence substantial errors are not expected. 
Table 4. Amounts of bound cadmium(ll) determined by voltammetric titration of various 
latices together with some of their data obtained from potentiometry and conductometry 
(Chapter II). 
latex 
Ve (using DM Cd: 7.2 10-1 0m2 /s) 
surface group density (moles/m2) 
fraction of sulphonic surface groups 
pH 
degree of deprotonation (a^ 
total charged surface group density 
(moles/m2) 
cadmium(ll) adsorbed (moles/m2) 
v (bound cadmium(ll)/charged groups ) 
v (Cd/C00-) for v (Cd/OS03-)=0.15 
ARC24 
3.80 10-2 
4.9 1 0"7 
1.00 
7.7 
1.00 
4.9 10"7 
7.4 1 0"8 
0.15 
--
A0Y8 
5.67 10"2 
5.7 lu"7 
0.35 
7.1 
0.96 
5.5 10"7 
1.7 10"7 
0.31 
0.40 
A0Y5 
5.64 10"2 
9.0 1 O"7 
0.29 
7.7 
0.95 
8.6 1 0"7 
2.9 10"7 
0.33 
0.42 
AKB20 
6.47 1 O"2 
1.0 1 0"5 
0.00 
6.3 
0.83 
8.6 1 0"6 
3.3 10-6 
0.41 
0.41 
For all latices, the amounts of surface groups which bind cadmium(ll) are lower than the 
total amounts of groups which bind protons as determined by conductometry. Even if we 
use a binding ratio of 1:2 for cadmium, this conclusion remains unaffected. When we 
compute the ratio (v) of cadmium(ll) over the (charged) carboxylic groups for the core-
shell latices using the data of latex ARC24, we find that these ratios are equal to the 
results for latex AKB20. Hence, we can conclude that, using a binding ratio of 1:2, the 
binding capacities for cadmium of carboxylic groups and sulphonic groups are roughly 
80% and 30%. This ratio may not be a strict limitation. It is very likely that 
cadmium(ll) partly binds to surface groups of latex according to the one to one ratio and 
partly according to the one to two ratio. 
In general, the value of metal complexing capacity increases in the following way: 
ARC24<<AOY8<AOY5«AKB20. ARC24 contains sulphonic groups only, which are not very 
strong ligands. A0Y5 and 8 contain both sulphonic groups and carboxylic groups in almost 
equal fractions (Table 4). AKB20 contains carboxylic groups only and these groups bind 
cadmium(ll) stronger than sulphonic groups do. 
Conclusions 
The (complete) titration curves for all latices are regularly shaped. As expected, it takes 
quite a large amount of cadmium to saturate the systems with cadmium (II). Titrations 
with a large amount of surface groups and relatively small additions of cadmium revealed 
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that a regression line computed using the diffusion coefficient of the latex metal complexes 
can be used in the analysis. This procedure also provides one lability check. All metal-
latex complexes are voltammetrically labile, except those formed by AKB20 (Chapter 
III). The latter ones are probably semi-dynamic. We also found that at the onset of these 
types of titration curves complexes with larger binding constants were formed. This is 
probably due to heterogeneity of the surface groups, for example resulting from 
clustering of surface groups or impurities in the shell of the latices. 
For the labile complexes, we made an estimation of the amount of cadmium bound by using 
a regression line for the initial part of the titration curve. This procedure is based on the 
diffusion characteristics of the latex particles. Hence, we were able to estimate the amount 
of cadmium adsorbed. The data for latex AKB20 were treated as if its surface sites would 
form inert complexes. An impression about the error of this treatment can be given; it 
seems rather small, just a few percent, due to the low diffusion coefficient of the latex 
particles. 
All latices have more proton binding groups than metal complexing groups. Assuming a 1:2 
binding ratio, roughly 30% of the sulphonate groups and 80% of the carboxylate groups 
bind cadmium(ll). It seems that charge compensation plays a major role. The cadmium(ll) 
complexing capacity of the latices increases in the order of ARC24«AOY8<AOY5«AKB20 
as can be expected from their similarly increasing fraction of carboxylic groups. 
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Chapter V 
Metal and proton binding properties 
of core-shell latex; 
interpretation in terms of colloid surface models 
Abstract 
The cadmium-binding properties of a core-shell type of latex were investigated using 
differential pulse polarography. The latex has a polystyrene core which is surrounded by a 
hydrophilic shell containing a low density of sulphonic and carboxylic groups. For this 
core-shell latex dispersion, the binding of protons and metal ions can be described 
reasonably well using Donnan's potential model. The correction by Ohshima and Kondo of 
the Donnan model for the distribution of ions in the double layer near and in the shell is a 
real improvement. 
Introduction 
We want to describe proton and metal binding on a core-shell latex. Such a latex (coded 
A0Y5) contains a polystyrene core with a hydrophilic shell with a relatively low density 
of sulphonic and carboxylic groups (Chapters I and II) [ 1 , 2, 3, 4 ] . Dissociation of these 
groups leads to a negative charge at the surface and in the shell. Hence, these groups 
positively attract charged metal ions. The attraction of protons and heavy metal ions by the 
shell groups is less at higher concentrations of supporting electrolyte due to shielding of 
the shell groups and/or competition from the cations. The aim is to find physically 
relevant double layer models for the latex system to interpret this attraction. 
To obtain the charge density in the shell, from which the potential in the shell can be 
computed, the latex was potentiometrically titrated at different ionic strengths. Further, 
voltammetric measurements were carried out on Cd(ll) at different ionic strengths 
(KNO3), constant total metal concentration and a varying degree of dissociation. From 
these measurements, information about the surface charge and the amount of metal 
complexed can be derived. With the appropriate models, the potential profile in the shell 
can be computed. In this way, it should be possible to find a master curve, independent of 
salt concentration and which is the intrinsic relation between the amount of complexed 
metal versus charged surface site density. The results of the Donnan potential model [5] 
will be inspected and compared to those emerging from Ohshima and Kondo's [6 ] 
refinement. 
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Theory 
Metal and proton binding 
The equilibria in the shell or at the surface of the latex particles are described as follows: 
S r + H ^ H S i K - U ^ i ï i 0 ) 
1 H
 {HS. } 
, , , {MS(2-V)+} 
M2+ + v S r — Z ! M S . ( 2 " V ) + K = ^ (2) 
1
 * ''
v M
 [M2+]S{S-}V 
The deprotonation of the types i of the surface groups of latex (denoted as S\) can be 
described using equation (1). The shell of the latex contains sulphonic and carboxylic 
shell groups (Chapters I and II). For calculating the surface charge, or in this case, the 
charge per unit volume of shell, we do not need to discriminate between these groups 
because the computation is based on electrostatics. In this case, we want to find the 
chemical (intrinsic) part of the cadmium binding by correcting for the electrostatic part. 
Hence, we can suffice with S instead of Sj. The {} denote the units mole per volume shell. 
Since voltammetry cannot differentiate between bound or free metal ions present inside 
the shell, the latter are also regarded as bound to surface groups. Their amount is very 
small, since the concentration of supporting electrolyte (KNO3) is very high compared to 
the concentration of metal. The electrolyte is considered as indifferent. 
The metal binding influences the binding of protons and vice versa. The binding of metal 
ions by shell groups is generally accompanied by a release of protons. Therefore, 
equations (1) and (2) are coupled. However, the ratio between metal binding and release 
of protons is not necessarily 1:1. The sites S can bind metal ions (M2+) in the ratio v:1 
(equation (2)), where v is a parameter with an operational value between 0 and 2. The 
quantity v depends, amongst other things, on the presence of other ions, specific binding of 
M to S, density of surface groups and probably also on the degree of dissociation. 
To find the chemical or intrinsic binding constants for protons and metal ions in the shell 
and hence, to obtain a master curve, the constants in equations (1 ) and (2) have to be 
corrected for the electrostatic potential in the shell. This potential can be computed using 
a surface model - or in this case more appropriate - a shell model. The thickness of the 
shell of the latex is very small compared to the particle radius. Hence, the shell is treated 
as a layer on a flat surface. The activities of (free) protons and metal ions in the shell are 
related to their concentrations in the bulk by Boltzmann's equation: 
it [ H + ] s = [ H + ] b e L 
(3a) 
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[ M 2 + ] s = [ M 2 + ] b e 
2 jV 
RT (3b) 
where the subscripts b and s denote the concentration of protons or metal ions in the bulk 
and in the shell, respectively. \|/s is the potential in the shell. The potential is dependent on 
the location in the shell. In current models, to be explained later, the potential at the 
interface is taken as the characteristic shell potential. F is Faraday's number, R is the gas 
constant and T temperature in Kelvin. The values of K"1 and KM in the shell can be 
computed at various ionic strengths and thus, a master curve can be obtained. 
Shell potential model by Donnan 
For this type of latex, the model of Donnan is expected to be useful to describe the potential 
ys. It gives the potential of a semi-permeable membrane separating two solutions with 
different salt concentrations. The shell is regarded as a volume containing a higher 
concentration of charged sites, which are fixed and, in this case, negatively charged. The 
model of Donnan considers the interfase between the shell and the solution as a membrane, 
over which there is a potential jump due to the higher concentration of (charged shell) 
groups. The charge of the fixed groups in the shell is neutralized by ions (the supporting 
electrolyte, equation (4a)). Donnan assumes overall electroneutrality and a random, 
smeared-out fixed charge distribution within the shell (see Figure 1 ). 
A 
a 1 
shell 
(Pfix+Pe|)s=° 
1 Es 
VDon 
solution 
(Pel)dl-O 
Eb 
0 
Figure 1. Description of the potential decay over the shell of a core-shell 
latex in the model of Donnan as we use it. The subscript b stands for 'bulk' and 
s for 'shell', t is the thickness of the shell. The subscript 'fix' denotes the 
charged (fixed) surface groups. Further explanation in text. 
Further, the double layer thickness is supposed to be much smaller than the shell 
thickness, so that y is constant over the shell: 
with 
(Pei)s =- (Pf ix )s 
(Pel)b = ° 
d 2 y(x) 
dxz 
= 0 
in the shell 
outside the shell 
dy(x) 
dx x4.o 
= 0 
(4a) 
(4b) 
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y is the potential, p the charge density, e the relative dielectric permittivity, and x the 
distance from the polystyrene surface. The subscript b stands for 'bulk', s for 'shell' and 
dl for 'double layer'. The subscript 'fix' denotes the charged (fixed) surface groups. 
The phase between shell and solution is considered to be very thin compared to the 
thickness of the shell and the potential is assumed to be constant in the shell (equation 
(4b), y = y 0 ) . Hence, we obtain a step function type of potential jump over this face. rDon 
The profile of y described by this model is shown in Figure 1. The Donnan potential ^ 
of the shell reads [5, 6] : Don 
rDon 
— arcsmh 
zF 2zFc 
(5) 
cs is the charge per unit shell volume, k is Boltzmann's constant, e the unit of electric 
charge, z is the valency of the electrolyte and c the concentration of all ions in units of 
moles per volume. 
Shell potential model by Oshima and Kondo 
Ohshima and Kondo [6] presented a refinement of Donnan's model by taking into account a 
double layer distribution of electrolyte in and near the shell (Figure 2). 
solution 
Eb 
( P e | ) d l
*° (Pel)b=0 
0 
Figure 2. Description of the model of Donnan with a correction proposed by 
Ohshima: the double layer distribution of electrolyte ions is taken into account. 
The thickness of the shell is of the same order of magnitude as the double layer 
thickness. The subscript dl stands for 'double layer'. Further explanation in 
text. 
The space charge densities of the electrolyte and the fixed charge in the shell are related to 
the potential profile by: 
d 2v _ -Pei(x)-Pfix(>0 
dx2 E S E 0 
Pel ( x ) * -Pf ix ( x ) 
in the shell (6a) 
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d2V -p e i ( x ) 2zcF . . zFw(x) ,. . . i U , „ ,_, . 
—z ._ mV
 S l n h — T U outside the shell (6b) 
dx2 EbEo EbEo R T 
Ohshima and Kondo assume that charged groups of valency zg are distributed at a uniform 
density pfix = zgF{S}, where {S} is the density of charged surface groups in moles per unit 
shell volume. Further, equation (6b) is used as a simplification for pe)(x) in equation 
(6a). The simplification is allowed only for t>K _ 1 , with K"1 as the diffusion layer 
thickness. Then, the potential far inside the shell layer is practically equal to the Donnan 
potential. Further, the potential profile is exponential both inside and outside the shell. 
Hence, a simplification of equation (6a) is obtained: 
d 2v 2zcF . . zF\i/(x) ZgFjS} .
 i U . . . ,-,. 
— - = sinh—3li_z.__a in the shell (7) 
dx2 es£o R T EsEo 
\|f is dependent on the charge distribution, that is the degree of dissociation, which can be 
expected to vary with distance in the shell. However, in this model this variation is 
ignored. Further, there are two boundary conditions for equation (6a): 
sinh(ze\|//kT) (8a) dy E s E
°d7 
d\y 
dx 
x.10 
dw 
= E b E
°dx" xTt a x 
= 0 
x l t 
with N =- J8cRT i Eb 
(8b) 
Equation (7) cannot be solved analytically, but there are numerical recipes (Runge Kutta 
with Newton-Raphson) to solve this equation using the boundary conditions (8a,b) [7 ] . 
The boundary condition (8a) assures that \\t in the shell matches with y in the solution. 
The slope of y at the shell side of the interface is different from the slope of y at the 
solution side if es * z^. The model is still an approximation, because the fixed charges are 
assumed to be homogeneously distributed over the shell. Further, when we apply the 
Boltzmann equation (3a-b) to calculate the binding constants in the shell, we assume y 1 to 
be the shell potential. 
Ohshima and Kondo successfully approached this numerical calculation with the following 
equation [8, 9, 10]: 
V l=VDon + — a r c t a n h f ^ E e n l (9) 
ez ^ 2kT j 
where v|/Don is calculated using equation (5). The correction term is approximately 1/4 to 
1/3 of the Donnan potential. This equation holds when the double layer thickness is of the 
same magnitude or smaller than the thickness of the shell. Then, the potential far inside 
the shell layer is in practice equal to the Donnan potential and the potential varies nearly 
exponentially, not only outside, but also inside the shell layer, as pictured in Figure 2. 
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Materials and Methods 
Chemicals 
Analytical-reagent grade chemicals were used unless indicated otherwise. Titrisol 
potassium hydroxide solutions (Merck) were used for the (partial) neutralization of the 
acidic surface groups of latices. Cadmium(ll) nitrate was chosen as a typical heavy metal 
and potassium nitrate (Merck) as the supporting electrolyte. To remove oxygen and 
carboxylic acid, dispersions were purged with N2 (purity grade 5.0), which was washed 
by a 0.01 M KOH solution. Nitric acid was used to remove metal ions from the 
voltammetric cell and the electrodes. 
Latices 
Latices were kindly provided by AKZO Corporate Research, Arnhem, the Netherlands. The 
core-shell latex used was coded AOY5. Specifications can be found in Chapters I and II, 
Materials and Methods. 
Potentiometry 
Potentiometrie measurements were carried out using latex A0Y5, cleaned according to the 
procedure described in Chapter II, at various concentrations of supporting electrolyte 
(KNO3): 0.0030 M, 0.010 M, 0.030 M, 0.10 M and 0.30 M. Hence, the thickness of the 
diffuse double layer varies from 5 to 0.5 nm. The measurements are described in Chapter 
II of this thesis. 
Voltammetry 
It is very important to use a cell which is free of oxygen and carbon dioxide, since oxygen 
is electroactive at the potential used to measure cadmium(ll) and the carbon dioxide 
lowers the pH. Therefore, we had to adapt the standard voltammetric measuring cell. 
Nitric acid was removed very thoroughly, since remnants would lower the pH and have a 
major effect on the degree of dissociation of the shell groups of the latex. Voltammetry was 
performed using the equipment described in Chapter III. 25 ml of a dispersion of about 
1 % w/w latex ( [S t o t ] = 3.0 10"4 M) with KNO3 and 4.0 10"6 M of cadmium(ll) was 
purged with nitrogen for at least half an hour before each experiment. A DPP 
measurement was made after which additions with KOH were started. After each addition, 
10 minutes of equilibration time were allowed before taking a DPP scan. The pH is 
measured simultaneously. Each series of experiments was carried out at a constant KNO3 
concentration: 0.003 M, 0.01, 0.03, 0.1 M and 0.3 M. The experiments were not 
performed beyond a pH of 7-8. At a pH higher than 8, metal hydroxyl complexation 
occurs, which was not the object of our study. The dispersion was thermostatted at 20°C ± 
0.2°C. 
Proton binding 
Before considering metal complexation, we tried to obtain a master curve for the proton 
binding. From the Potentiometrie measurements, the total amount of surface groups (fixed 
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groups) and the degree of dissociation were obtained. The amount of deprotonated groups in 
the shell can be derived from the pH of the dispersion and the amount of OH" added (Chapter 
II): 
a d = a n + 
[H+ ] - [H+M 
[S t * ] 
(10a) 
where Kw = y2 [H+ ] [0H~], the dissociation constant of water, [S t o t ] the concentration of 
the total amount of surface groups in moles per volume dispersion. In fact, the volume of 
the solution (bulk) should be used. However, we use the volume of the dispersion, since 
the error is not big: the volume of the latex is roughly 1 %. an is the protolytic degree of 
neutralization of the surface groups: 
moles OH 
added / moles S, (10b) 
Expressions (10a) and (10b) can be used only if the latex is in the acid form and free 
from any other protolytic components, such as remnants of acid or free polymers. 
To calculate the amount of charged groups in moles per unit shell, the volume of the shell 
is needed. The latex has a hydrophilic shell with a known thickness t, in which 
deprotonable groups act as the ligands. The thickness of the shell of latex AOY5 is very 
small (5 nm) compared to the particle radius (93.5 nm) [11] . With this information, 
the amounts of surface groups per unit surface can be calculated into amounts of surface 
groups per unit shell. We consider t to be fixed, because there are cross-links between 
the hydrophilic chains in the shell of the latex. The cross-links should prevent the chains 
from swelling. 
The mass balance of S is: 
{S t o t} = {HS} + {S} (11) 
where {HS} and {S} are the amounts of protonated groups and deprotonated groups in moles 
per unit shell volume, respectively. Using equations (1 0a,b) we can calculate {S}: 
{S} = ad !S t o t } (12) 
The Donnan potential w can be calculated as follows: K YDon 
rDon 
ez 
kT . , I ad zgfS tot l 
-arcsmh —=-=—hi i i-
2zc 
(13) 
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- logK-1 = log - t t ! § L = log Ü±§! (14) 
H,s a [ H ] s [ S ] y [H ] s (a d {S t o t } ) 
The charged shell groups have the valency of - 1 , the supporting electrolyte (c) is a 1:1 
salt, c has the dimensions of mole per unit of dispersion volume. The values for K"1 
calculated by equation (14) using the shell potential computed by Ohshima's equation (9) 
should give the same values as the ones for which the shell potential from the numerical 
calculation based on equations (6-8) is used. 
Metal and proton binding 
In voltammetry, a simplified version of equation (2) is often utilized in the formulation 
of the overall binding constant K(in the bulk) of the metal complex: 
K = J M S L
 (15) 
[M]b[S] 
[MS], [M] and [S] stand for [MS+], [M2+] and [S~], respectively. The consequence is that 
species such as MS2 are not regarded as such, i.e. the measurement of the amount of bound 
metal does not answer the stoichiometric questions. Hence, some uncertainty remains in 
the concentration of free sites [S], which, however, is small at low values of the metal-
to-site ratio. All have the units moles per volume (sample). 
We used the data of the normalized peak current to calculate the free metal to bound metal 
ratio. These data are quite accurate. The peak shift is subject to errors: the potentiostat is 
limited to 1 mV precision, which is not sufficiently accurate for the calculation of low 
stability constants. For a labile system and a low metal-to-site ratio, voltammetry 
provides us with the ratio of bound metal over free metal (derived from Chapter III, 
equation (10)): 
[M]b E - $ V P 
4 = ' p k - s a m p l e e = DMS/DM (17a,b) 
'peak, blank 
The ratio of MS over M is dimensionless and both MS and M have the units of mole per 
volume. The symbol $ is the ratio of the limiting or peak current of the sample divided by 
the limiting or peak current of the blank (equation 17a). The hydrodynamic parameter p 
is determined by the type of mass transport involved and is equal to 0.5 in the case of DPP. 
The ratio between the diffusion coefficients of the complex and the free metal is denoted as 
E (dimensionless, for further explanation see Chapter III, equation 4b). 
The mass balance for the metal reads (in moles per unit volume dispersion): 
[Mwtai] = [MS] + [M]b (18) 
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hence we can compute the activity of free metal in the bulk. From equations (10-18) we 
can calculate the amounts of sites which are complexed, deprotonated and protonated using 
the mass balance of S: 
{S} + {HS} = {S t o t } - {MS} (19) 
We can derive from equations (10a,b): 
{HS} = ( l - a d ) { S t o t } (20) 
Addition of metal ions to a latex dispersion causes the pH to decrease. Hence, the degree of 
dissociation as calculated by equation (2), in combination with metal complexation (1:1 
ratio), yields: 
ad{S t o t} = {S} + {MS} (21) 
The charge density is calculated by: 
a s h e "= -F (a d {S t o t } - {MS} ) (22) 
and the Donnan potential is then calculated as follows: 
kT . , y =—arcsinh rDon ez 
z g (a d {S t o t } - {MSj ) 
2zc 
(23) 
c has the dimensions of moles per unit of volume dispersion. The correction of Ohshima 
and Kondo can be calculated using equation (9). The log Ks in the figures in the section 
Results and Discussion is defined as a combination of equations (3b) in section Theory of 
this chapter and (1 5): 
logKs = log J ^ L = log i^  
5
 [MS]{S( [M s ] (a d {S t o t } - IMS}) 
Analogously, for the proton binding constant we can write: 
- logK"1 = l o g - ^ L = log i ^ (25) 
H
-
s
 [H]S[S] a [H ] s (a d {S t o t } - |MS} ) 
Results and Discussion 
Proton binding on a core-shell latex 
Figure 3 shows the charge density in the shell plotted versus the pH from a set of 
Potentiometrie titrations (Chapter II). The charge increases upon addition of KOH, because 
the surface groups become more and more deprotonated. With increasing KNO3 
concentrations the charge in the shell increases at a given bulk pH, according to 
expectations. The salt concentration does not seem to have much effect on the initial pH, 
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probably because the sulphonic groups are always fully dissociated. At 0.1 and 0.3 M KNO3 
beyond pH 10 the charge density does not increase with further increasing pH. This is 
strong evidence that all surface groups are deprotonated. 
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Figure 3. Charge density obtained from Potentiometrie titrations at various 
ionic strengths for latex AOY5. The charge density is given in the units of 
charge per unit shell volume. 
In Figures 4 and 5 we made use of Donnan's equation (1 3) and Ohshima's refinement (9) 
to calculate the potential in the shell. 
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Figure 5. Potential calculated using model of Ohshima and Kondo for latex 
AOY5. Note the scale differences compared to Figure 4. 
Using the potential in the Boltzmann equation to compute the pH in the shell (equation 3a), 
we find that the Potentiometrie curves for different concentrations of salt largely merge 
into one curve and shift towards a lower pH (Figures 6 and 7). In other words, applying 
Donnan's formula (Figure 6) clearly serves the aim of finding one master curve, despite 
the many assumptions. The model of Donnan appears to lead to "overcorrection" for the 
lower ionic strengths. Ohshima's model corrects for the formation of a double layer, which 
is partly in the shell and should therefore give better results (Figure 7), especially for 
the lower salt concentrations. We made use of the local potential \\il to calculate the pH at 
the interface with Boltzmann's formula and plotted this versus the average charge density 
of the shell. The resulting master curve appears a slight improvement compared to the one 
obtained using Donnan's formula, especially for the lower salt concentrations. The 
potential calculated by Donnan is lower than the potential calculated by Ohshima at x=t. 
This results in a master curve shifted slightly towards a higher surface pH compared to 
the master curve obtained from Donnan's equation (Figure 6). Ohshima does not account 
for the change in degree of dissociation as a function of the potential variation with the 
distance in the shell. Hence, the real potential profile is very likely different from the 
profile given by Ohshima's model, which can be regarded as an improvement of the second 
order of Donnan's model. Further, this improvement appears to outreach the effect of 
using a local y instead of the profile of y to calculate the concentration of ions. 
75 
-20 T 
E 
• 0.003 M 
D 0.010 M 
• 0.030 M 
O 0.100 M 
» 0.300 M 
\^'ir^'" 
3 4 5 6 U n 7 8 9 
pHs, Donnan 
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the Boltzmann equation and the potential from Donnan's model. 
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Figure 7. Charge density plotted versus the pH of the shell at x=t, calculated 
using the Boltzmann equation and the potential at x=t from the model of 
Ohshima and Kondo. 
Metal binding on a core-shell latex 
The results found for the proton binding encourage attempts to search for a master curve 
for the binding of metal ions. To that end, we used the normalized peak current (<)>) from 
the experiments performed at different concentrations of supporting electrolyte as 
described in the section Materials and Methods. The potential shift (AE) does not serve this 
purpose because of the low accuracy, especially at higher supporting electrolyte 
concentrations. We calculated the ratio of bound over free metal using equations (1 6) and 
(3b). From the amount of KOH added and the pH, we determined the degree of dissociation 
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using equations (10a) and (10b). The procedure described in the section Materials and 
Methods was followed. The charge density is computed using equation (22). 
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Figure 8. Log Ks calculated using the Boltzmann equation and the Donnan 
potential. 
We plotted log Ks calculated using the Boltzmann equation (3b) and the potential versus 
the charge density. In Figure 8, for which Donnan's equation is used, the curves come 
closer to each other, in accordance with the theory, but they do not overlap very nicely. 
The potential calculated by Donnan's equation appears to "overcorrect" for the salt effect. 
However, in Figure 9, in which Ohshima's model is used, the curves do merge in the 
central part, forming one master curve. This means again that the error made by using an 
average charge density instead of a profile of local charge densities, appears very small. 
Also, log Ks values are somewhat higher than for the Donnan model, due to the less 
negative potential which, in turn, is caused by inhomogeneous distribution of ions in the 
shell, as explained above. At higher pH and for low KNO3 concentrations, some points 
deviate from the master curve. For a labile system § has reached its minimum value ( VE ) 
in this region. This means that under these conditions, application of formula (16) to 
calculate the bound to free metal ratio becomes impossible. At a low (absolute) charge 
density, the negatively charged groups constitute mainly sulphonate, for which 
cadmium(ll) shows less affinity than for carboxylics. Hence, the mean binding constants 
increase upon the dissociation of carboxylics. 
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Figure 9. Log Ks calculated using the Boltzmann equation and the potential at 
x=t using Ohshima's model. 
The value for log Ks intrinsic (extrapolated to a shell charge of zero) is 1.0-1.2 for the 
carboxylic groups (Ohshima and Kondo's model). When we compare this value with 
literature data, it corresponds with the HS type of carboxylic acids (Table 1 ), rather than 
with H2S type of acids. It seems that the potential correction based on the (indifferent) 
salt concentrations as described by Ohshima et al. accounts very well for the electrostatic 
part of the binding of metal ions. 
Table 1 . Stability constants for cadmium-carboxyl complexes given by Sillén and 
Martell [1 2]. K, = [MS]/([M][S]) 
Compound (HS) 
acetic acid 
benzoic acid 
a-hydroxybutyric acid 
isovaleric acid 
m-methoxybenzoic acid 
phenoxyacetic acid 
LogKi 
1.20-2.00 
1.4 
1.27 
1.34 
1.3 
1.0 
Compound (H2S) 
citraconic acid 
glutaric acid 
itaconic acid 
oxalic acid 
phtalic acid 
LogKi 
2.2 
2.0 
2.3 
3.52-4.00 
2.5 
Conclusions 
The assumptions of a shell with a thickness that does not vary with ionic strength, a value 
of the relative permittivity coefficient of 80, a degree of dissociation which is constant 
over the shell and a homogeneous site distribution, can be made without serious 
consequences for describing proton binding by a core-shell latex. Donnan's approach 
reasonably well describes the proton binding by the surface groups of a core-shell latex 
A0Y5. Ohshima's model improves this description, by taking into account the effect of a 
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Poisson-Boltzmann distribution of ions in the shell and in the solution. The model works 
well for proton binding. 
The binding of cadmium ions by the core-shell latex A0Y5 is moderately well described 
using Donnan's model. Ohshima's model is a substantial improvement, even if a local 
potential is used instead of the profile. The potential correction based on the (indifferent) 
salt concentration as described by Ohshima et al. appears to be an essential feature in the 
interpretation of the electrostatic part in the binding of metal ions. The value of log Ks 
intrinsic, i.e. the Ks extrapolated to a shell charge of zero, is 1.0-1.2 for the carboxylic 
groups, comparable to literature values [12] for various monodentate cadmium-carboxyl 
complexes. 
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Summary 
The term "heavy metals" is connected with toxicity. They form strong complexes with 
enzymes, other proteins and DNA in living organisms, which causes dysfunctioning and 
hence poisoning. In combination with the uptake mechanism of the organism, speciation of 
heavy metal determines the bio-availability of heavy metals. In the environment, heavy 
metals are complexed by soil particles or molecules of organic and inorganic origin. This 
thesis deals with the speciation and the binding characteristics of heavy metals. Since 
complexation of heavy metals with soil particles is far too complex because of the wide 
range of different particles, this investigation is restricted to binding to a model system. 
The model system consists of polystyrene latices with and without a hydrophilic polymer 
shell. The surfaces of these latices contain negatively charged surface (shell) groups 
which can act as metal-complexing agents. The binding can be investigated using various 
types of voltammetric techniques (Chapter I). To study metal binding, we first determined 
the amounts and types of surface groups present on the latices using potentiometry and 
conductometry (Chapter II). The polystyrene latex without shell showed a very high 
density of mainly weak, carboxylic groups on the surface. The surfaces (and shell) of the 
core-shell latices consist of a fraction strong acids (sulphonics) and a fraction of weak 
acids (carboxylics). Their shells and surfaces contain a lower total amount of groups than 
the polystyrene latex without shell. All conductometric results are qualitatively in 
agreement with those obtained by potentiometry, although the conductometric data appear 
to be more accurate. Potentiometry using potassium hydroxide, followed by a titration 
using nitric acid, was performed on one core-shell latex, indicating reversibility. During 
the titration with KOH, surface groups in the shell migrate to the surface. This effect is 
reversible. For one core-shell latex, Potentiometrie studies were carried out at different 
concentrations of supporting electrolyte (potassium nitrate). As expected, the pH 
increases more the lower the ionic strength during a titration. The total amount of 
titratable surface groups increases with higher concentration of supporting salt. 
As a following step, the metal complexes formed were characterized (Chapter III). 
Voltammetric experiments, such as Cottrell type experiments, with all core-shell latices 
studied, show the formation of labile zinc(ll) and cadmium(ll) ion complexes at very low 
metal-to-site ratios in the time scale of pulse voltammetry. This means that the residence 
time of the metal ion in the complex form is very small compared to the pulse time. The 
application of the voltammetric model of de Jong et al. for dissolved complexes is 
succesfully used for the analysis of the binding of metal ions by colloidal particles. At a 
decreased metal to ligand ratio, the complexes formed were still labile, but their stability 
constants were slightly higher. Perhaps there is a minority of strong complexing surface 
groups, due to clustering or impurities in the shell, resulting in different affinities for 
metal ions. The metal/carboxylate surface complexes of the highly charged latex lose 
lability at high degree of dissociation. Also, stability constants obtained from the 
normalized current diverged from those obtained from the potential shift, with higher 
stability constants for the latter one. Some aspects of this discrepancy are discussed. The 
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calculation of the kinetics of the lead-carboxylate complexes using the lability criterion 
of de Jong et al. shows that these complexes are marginally labile. 
Chapter IV deals with the characterization of surface groups by voltammetric titration, 
which is more complex than often assumed. This chapter tackles some of the 
methodological pitfalls which can be easily overlooked. Further, we estimated the amount 
of cadmium-complexing surface groups of some latices. The (complete) titration curves 
for all latices are regularly shaped. At the very onset of the titration curves complexes 
with larger binding constants were formed. This is probably due to the heterogeneity in 
surface groups described above. A procedure in which a regression line is computed using 
the diffusion coefficient of the latex metal complexes, can be used in the analysis. This 
procedure also provides one of the checks whether or not a metal complex is labile. The 
cadmium(ll)-complexing capacity of the latices increases parallel to the fraction of 
carboxylic groups. Assuming a 1:2 binding ratio, roughly 30% of the sulphonate groups 
and 80% of the carboxylate groups bind cadmium(ll). It seems that charge compensation 
plays a major role. Since the complexes formed by the polystyrene latex with a very high 
density of carboxylic groups only are not labile, the data for this latex were treated as if 
its surface sites would form inert complexes. An impression about the error of this 
treatment can be given; it seems rather small, just a few percent, due to the low diffusion 
coefficient of the latex particles. 
On the basis of Potentiometrie titrations at varied supporting electrolyte concentrations, 
we applied Donnan and Donnan-derived models by Ohshima and Kondo to describe the 
proton binding using the potential in the shell of a latex in Chapter V. In addition, the 
cadmium-binding properties of a core-shell type of latex were determined using 
differential pulse polarography. The assumptions in the shell potential model used are: the 
shell has a constant thickness independent of the ionic strength, the relative dielectric 
permittivity coefficient is 80, the degree of dissociation is constant over the shell and the 
site distribution is homogeneous. These assumptions did not affect the description of 
proton binding to a core-shell latex. Donnan's approach describes reasonably well the 
proton binding on the surface groups of the core-shell latex coded AOY5. Ohshima's model 
refines this description, by taking a Poisson-Boltzmann distribution of ions near and in 
the shell into account. This is an improvement. It seems that the potential correction based 
on the (indifferent) salt concentration is a major parameter for the binding of protons. 
The logarithm of the intrinsic cadmium binding constant (extrapolated to a shell charge of 
zero) is 1.0-1.2 for the carboxylic groups, comparable to corresponding bulk values for 
various organic cadmium-carboxyl complexes. 
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Samenvatting 
Zware metalen, zoals zink, koper, lood, cadmium en kwik, zijn altijd al aanwezig geweest 
in het milieu, via bijvoorbeeld vulkanische activiteit. Tegenwoordig is de mens de grootste 
veroorzaker van deze aanwezigheid. Producten die zware metalen bevatten, worden op 
grote schaal technisch gebruikt, bijvoorbeeld als pigmenten in verf, als stabilisatoren in 
plastics, als fosforen voor TV-schermen, als "anti-klopmiddel" in benzine, in legeringen 
voor bijvoorbeeld telefoondraden en niet te vergeten in herlaadbare batterijen, zoals de 
bekende nikkel-cadmium batterijen. Ook komen zware metalen vrij bij allerlei activi-
teiten zoals mijnbouw, verbranding van kolen en olie en het gebruik van fosfaat-kunst-
mest en slib. Zware metalen worden al sinds lange tijd gebruikt. Iedereen kent wel de loden 
waterleidingen van de Romeinen. Nog steeds doet het (overigens onjuiste) verhaal de ronde 
dat loodvergiftiging één van de oorzaken is geweest van de val van het Romeinse rijk. 
Zware metalen binden aan biomoleculen zoals eiwitten, enzymen en DNA. Het is niet zo dat 
zware metalen daardoor alleen maar giftig zijn. Het zijn spore-elementen. Dat betekent 
dat een organisme deze stoffen in zeer kleine hoeveelheden nodig heeft om goed te kunnen 
functioneren. IJzer, dat een bestanddeel is van hemoglobine, is nodig voor het zuurstof-
transport van het bloed. Zonder ijzer zou een deficiëntieziekte optreden, in dit geval 
"bloedarmoede". Echter een teveel aan spore-elementen vergiftigt een organisme. Zware 
metalen hebben sterke bindingseigenschappen. Hierdoor binden ze bij wat grotere 
hoeveelheden al snel op ongewenste plekken aan eiwitten, waardoor de functie van deze 
eiwitten verstoord wordt. Deze verstoring kan vergiftigingsverschijnselen teweegbrengen. 
Cadmium bindt aan DNA, de drager van erfelijke informatie. Dit kan uiteindelijk tot 
kanker leiden. Dosis venum facit, ofwel de hoeveelheid van een stof bepaalt haar giftige 
werking. Die hoeveelheid is voor elke stof en in elke situatie anders. Zo zijn cadmium en 
kwik aanmerkelijk giftiger dan koper of zink. Verder maakt het uit hoe het metaal in het 
milieu voorkomt. Dat bepaalt weer hoe en hoeveel metaal een organisme binnenkrijgt. Als 
het metaal gebonden is aan een stof in het milieu, is zijn giftige werking doorgaans 
aanmerkelijk minder dan wanneer het vrij aanwezig is. Het kan daardoor minder 
gemakkelijk door een organisme worden opgenomen. 
Van de giftigheid van zware metalen werd gebruik gemaakt. Aan het begin van de 20e eeuw 
werden bijvoorbeeld cadmiumzouten gebruikt in wormenverdelgers en ontsmettings-
middelen. Zouten van koper werden als schimmelverdelger gebruikt. Gebruik van zware 
metaalzouten leidde ook onbedoeld tot vergiftigingen. Zo werden kwikzouten gebruikt bij 
het productieproces van hoeden. De mensen die dat werk verrichtten, liepen een gerede 
kans om langzaam maar zeker gek te worden door de chronische blootstelling aan kwik 
(mad-hatters disease). De Engelse zegswijze as mad as a hatter komt hier vandaan. 
De acute toxiciteit van zware metalen werd snel onderkend. De symptomen van 
cadmiumvergiftiging werden al in 1867 omschreven als volgt: duizeligheid, braken, 
ademhalingsmoeilijkheden, flauwvallen en kramp. De gevolgen van chronische 
blootstelling aan cadmium waren vóór 1950 niet bekend. In Frankrijk kregen arbeiders, 
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die werkten in een accufabriek, aandoeningen aan longen en nieren als gevolg van het 
inademen van cadmiumhoudend stof. In de vijftiger jaren vond cadmiumvergiftiging op 
grote schaal plaats in Japan. Daar werd rijst bevloeid met cadmiumhoudend water 
afkomstig van een mijn. De mensen die in dat gebied leefden, vertoonden afwijkingen zoals 
bloedarmoede, verlies van reukvermogen, broze botten en hart- en vaatziekten, in het 
bijzonder hoge bloeddruk. De broosheid van de botten resulteerde in vele, en zeer 
pijnlijke, botbreuken, zodat dit verschijnsel de naam Itai-ltai-ziekte kreeg. 
Kortom, het begrip "zware metalen" is gerelateerd aan toxiciteit. Als er hier over zware 
metalen geschreven wordt, worden eigenlijk metaal/onen bedoeld, ofwel metaalatomen die 
(positieve electrische) lading dragen. In het milieu kunnen deze ionen gebonden zijn aan 
allerlei deeltjes, van zowel organische (humuszuren) als anorganische oorsprong (zout, 
zand, hematiet). De verdeling van een metaal over al deze chemische vormen wordt 
speciatie genoemd en elke soort stof die een binding aangaat met een metaal is een 
afzonderlijke metaal-spec/ës. De relatie tussen de speciatie van een metaal en de giftigheid 
van zo'n metaal voor een organisme is complex en nog niet helemaal begrepen. Elke 
metaalspeciës heeft zijn eigen bindingseigenschappen. Aan sommige deeltjes bindt het 
metaal heel sterk, terwijl aan andere de binding relatief zwak is. Het metaal wisselt ook 
uit: het "hopt" van een bindingsplaats, is even "vrij" (ofwel ongebonden) en "hopt" daarna 
naar een andere bindingsplaats, eventueel op een andere stof of deeltje. Dit "hoppen" kan 
heel snel gebeuren, maar ook erg traag. Met voltammetrie, een electrochemische 
analysemethode, kan worden bekeken of het metaal snel of langzaam uitwisselt. Er kunnen 
niet echt getallen gegeven worden, maar de snelheid van de binding kan wel geclassificeerd 
worden. Met voltammetrie kan ook de sterkte van de binding worden bepaald. 
Met voltammetrie wordt de hoeveelheid vrije metaalionen gemeten op een speciale manier. 
Het gebeurt met een electrode: een kwikbolletje, waarop een electrische potentiaal is 
aangelegd. Metaalionen, die met de electrode in aanraking komen, worden op het oppervlak 
van de electrode omgezet in hun bijbehorende metaalatomen (reductie) en vormen een 
amalgaam met het kwik. Voltammetrie kan onderscheid maken tussen de verschillende 
soorten metaal, doordat het ene metaal al bij de ene potentiaal gereduceerd wordt en het 
andere zich pas laat omzetten bij een negatievere potentiaal. Bij omzetting geven de 
metaalionen een electrische stroom. Deze stroom is evenredig met de aantallen metaalionen 
die door het oppervlak gaan en onder bepaalde omstandigheden zijn deze aantallen 
evenredig aan de concentratie vrij metaal. De metaalionen, die zojuist van een 
bindingsplaats "gehopt" zijn, kunnen ook gereduceerd worden. Dat hangt van hun 
uitwisselingssnelheid met de bindende stof af, samen met de tijdschaal waarop een 
voltammetrische meting plaatsvindt (0,01-0,1 seconden). Is de uitwisselingssnelheid 
hoog, dan wordt de binding dynamisch genoemd. De "hoppers" dragen bij aan de voltam-
metrische stroom. Wisselen de metaalionen daarentegen niet uit in die tijd, dan wordt de 
binding inert genoemd en worden er geen "hoppers" gemeten, alleen maar metaalionen die 
al lange tijd vrij zijn. De dynamische klasse kan nog onderverdeeld worden in labiel, 
semi-labiel en non-labiel. Met labiel wordt bedoeld dat de snelheid waarmee de metaal-
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ionen omwisselen (van en aan de bindende stof), veel groter is dan de snelheid waarmee de 
metaalionen en de bindende stof door het water naar de electrode getransporteerd worden. 
Is de omwisselingssnelheid kleiner dan de diffusiesnelheid, dan spreekt men van non-
labiel. Zoals de naam al zegt, bevindt het semi-labiele gebied zich ergens tussen deze twee 
uitersten in. 
In deze dissertatie worden de bindingseigenschappen en de speciatie van zware metalen 
behandeld. Het onderzoek beperkt zich tot de binding van zware metalen aan een 
modelsysteem, omdat een onderzoek naar binding aan bodemmateriaal te ingewikkeld zou 
worden door de grote verscheidenheid in dergelijk materiaal. Het modelsysteem bestaat uit 
kleine polystyreen latexbolletjes (kleiner nog dan micrometers), waarvan enkele soorten 
zijn omgeven met een hydrofiele (waterminnende) polymeerschil (zogenaamde core-shell 
latices). Alle latices bezitten oppervlaktegroepen die protonen kunnen afstaan waarna de 
groepen negatief geladen worden en de positief geladen metaalionen kunnen binden. De 
binding kan onderzocht worden met verscheidene voltammetrische technieken, nader 
omschreven in hoofdstuk I. Voordat tot metaalbindingsexperimenten werd overgegaan, 
werden de hoeveelheden en typen oppervlaktegroepen op de latices bepaald met twee 
technieken. Op de polystyreen latex zonder schil werd een hoge dichtheid aan 
carboxylgroepen gevonden. De core-shell latices vertonen een fractie aan sterk zure 
groepen (sulfongroepen) en een fractie zwak zure groepen (carboxylgroepen). De 
dichtheid aan groepen is aanmerkelijk lager dan die van de polystyreen latex zonder schil. 
De resultaten uit de ene techniek (conductometrie) komen goed overeen met hetgeen 
verkregen werd met de andere (Potentiometrie), hoewel de eerste nauwkeuriger blijkt. Er 
werden aanwijzingen gevonden dat groepen die dieper in de schil zitten, naar de 
oppervlakte migreren. Dit effect is reversibel (omkeerbaar). In aanwezigheid van meer 
zout, wordt, conform de theorie, een hoger aantal geladen oppervlaktegroepjes gevonden. 
Hierna werden de metaalverbindinging (complexen) van verschillende latices 
gekarakteriseerd (hoofdstuk III). Deze complexen blijken labiel op de tijdschaal van de 
gebruikte voltammetrische technieken. Een theoretisch voltammetrisch model (De Jong et 
al.) dat voor opgeloste metaalcomplexen wordt gebruikt, is goed toepasbaar op de analyse 
van binding van zware metaalionen met latexdeeltjes. Bij een verlaagde metaal-ligand 
verhouding zijn de gevormde metaalcomplexen nog steeds labiel, hoewel de 
bindingsconstanten wat hoger zijn (sterkere binding). De aanwezigheid van een relatief 
kleine fractie aan sterk bindende eenheden, veroorzaakt door kleine aantallen zeer dicht op 
elkaar zittende oppervlaktegroepen of verontreinigingen in de schil, kan hiervoor 
verantwoordelijk zijn. De metaalcomplexen gevormd op de latex met de hoge 
oppervlaktegroepdichtheid verliezen hun labiliteit naarmate meer oppervlaktegroepen 
geladen zijn. Tevens komen de bindingsconstanten berekend uit de potentiaalkarakteristiek 
niet meer overeen met die berekend uit de stroomsterkte. De eerste gaf hogere 
stabiliteitsconstanten. Sommige aspecten van deze discrepantie worden bediscussieerd. 
Wanneer het dynamische gedrag van lood-carboxylaatcomplexen wordt berekend volgens 
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het theoretische labiliteitscriterium (De Jong et al.) blijkt dat deze nog juist labiel 
zouden zijn. 
Hoofdstuk IV behandelt de karakterisering van oppervlaktegroepen met behulp van 
voltammetrische titraties, hetgeen ingewikkelder is dan vaak aangenomen wordt. Voor een 
aantal latices werd de hoeveelheid aan cadmium-complexerende groepen bepaald. Hierbij 
wordt aan een latex steeds een hoeveelheid cadmiumionen toegevoegd en daarna een voltam-
metrische bepaling gedaan van de concentratie vrije cadmiumionen. De 
metaaltitratiecurven van deze latices vertonen geen afwijkingen, hoewel de punten van de 
eerste metaaltoevoegingen in een curve grotere bindingsconstanten gaven. Waarschijnlijk 
wordt dit veroorzaakt door de ongelijke distributie van de oppervlaktegroepen zoals 
hierboven beschreven. De in hoofdstuk IV beschreven methode om de hoeveelheid gebonden 
cadmium te vinden voor labiele complexen blijkt goed bruikbaar. Tezamen met de 
methoden in hoofdstuk III, is hiermee te controleren of een gevormd metaal-latex complex 
labiel is. De cadmiumbindende capaciteit van de latices neemt toe naarmate de fractie 
carboxylgroepen hoger is. Wanneer er een bindingsverhouding van 1 cadmium op 2 
oppervlaktegroepen gehanteerd wordt, kan uitgerekend worden dat ongeveer 30 % van de 
sulfongroepen en 80 % van de carboxylgroepen cadmium binden. Ladingscompensatie (van 
het tweewaardig positieve cadmium op de eenwaardig negatieve oppervlaktegroepen) lijkt 
een rol te spelen bij de bindingsverhouding. Doordat de metaalcomplexen gevormd op de 
polystyreen latex met een hoge ladingsdichtheid, niet labiel waren, werden de resultaten 
van deze latex verwerkt met een analysemethode voor inerte complexen. De onzekerheid 
die hierbij geïntroduceerd wordt, bedraagt slechts enkele procenten doordat de 
diffusiecoëfficiënt van de latexdeeltjes relatief klein is. 
In hoofdstuk V werden met voltammetrie bindingsconstanten bepaald van cadmium(ll) met 
groepen in een core-shell latex. Deze bindingsconstanten zijn te splitsen in twee 
afzonderlijke bijdragen: een electrostatische aantrekking (positief geladen deeltjes 
trekken negatief geladen deeltjes aan) en een chemische intrinsieke binding (die wordt 
bepaald door de chemische wisselwerking). Door zout toe te voegen wordt het 
electrostatische deel van de cadmiumbinding verkleind, maar het intrinsieke deel 
ongemoeid gelaten. Met twee theoretische modellen werd vervolgens geprobeerd om de 
electrostatische wisselwerking te beschrijven. De aannamen die bij het toepassen van deze 
modellen gemaakt moesten worden, hadden geen nadelige invloed op de beschrijving van de 
binding. Het ene model (Ohshima) geeft betere resultaten dan het andere model (Donnan), 
doordat het wat verfijnder is. Het electrostatische deel is relatief groot bij de binding van 
protonen. Het intrinsieke deel van de binding van cadmium is vergelijkbaar met 
literatuurwaarden voor eenvoudige cadmium-carboxyl-verbindingen. 
Begrip van het bindingsgedrag van zware metalen is belangrijk om hun gevaar voor de 
omgeving goed te kunnen inschatten. Met deze dissertatie is gepoogd in fundamentele zin bij 
te dragen aan deze begripsvorming. 
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Nawoord 
De tijd is verstreken; het boekje is af. Inderdaad, formeel gezien is mijn tijd op de 
vakgroep Fysische en Kolloïdchemie voltooid verleden tijd met het verschijnen van dit 
boekje. En van deze tijd is tot dusver alleen het wetenschappelijke resultaat in schrift 
gebracht. Hier rest mij de mogelijkheid om wat over het overige gedeelte te vertellen. 
Zinnen zoals de volgende of één met soortgelijke strekking kom je vaak tegen in de voor-
en nawoorden in dissertaties: "een promotieonderzoek doe je niet helemaal alleen, je wordt 
ook geholpen en vooral gesteund door anderen". Het klinkt onderhand bijna cliché, maar 
het is gelukkig wel waar. Laat ik eens overgaan tot het noemen van namen. Mijn co-
promotor Herman van Leeuwen en promotor Hans Lyklema hebben veel bijgedragen aan de 
totstandkoming van deze dissertatie. Wouter-Jan Veenis van AKZO-Nobel Chemie heeft de 
benodigde latices gesynthetiseerd, waarmee werd voorkomen dat het onderzoek in 
tijdverslindende 'aanloopfases' zou blijven steken. Ronald Wegh, Willem Threels en Ben 
Spee wisten de benodigde apparatuur en chemicaliën te organiseren en zij hebben mij een 
heel eind op weg geholpen met allerlei 'slimmigheidjes' betreffende de apparatuur toen ik 
op de vakgroep Fysische en Kolloïdchemie begon. I have worked together with José Manuel 
Diaz-Cruz during one year, which was a very fruitful time! Peter Barneveld en Marcel 
Minor hebben bijgedragen aan hoofdstuk V. 
Verder heb ik het op de vakgroep Fysische en Kolloïdchemie goed naar mijn zin gehad door 
de vriendschappelijke en informele omgang die men gewoon is. Activiteiten zoals 
rugzaktrekkingtochten, fietstochten, labuitjes, volleybal, zwemmen en niet te vergeten: 
relativerende en motiverende gesprekken in wandelgangen, koffiekamer en secretariaat 
hebben daar zeker toe bijgedragen. 
Mensen, hartelijk dank! 
f\ m^v 
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